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ABSTRACT 


In  this  thesis,  we  investigate  the  advantages  of  modifying  eurrent  military 
Unmanned  Aerial  Vehieles  (UAV)  with  available  thin-film  photovoltaic  (PV)  cells  to 
increase  their  endurance,  and/or  capabilities.  The  approach  taken  was  to  explore 
available  off-the-shelf  flexible  solar  technology  and  to  integrate  it  in  a  proof-of-concept 
model  for  testing  and  analysis.  A  physically  similar  commercially  available  battery- 
powered  plane  was  used  to  demonstrate  the  materials  and  methods  by  which  the  RQ-1  IB 
(Raven)  Small  Unmanned  Aerial  Vehicle  (SUAV)  could  be  modified.  This  research 
extends  academic  and  private  pursuit  of  solar  flight  to  near-term  improvement  of  military 
SUAV.  Besides  increasing  on-station  time  of  reconnaissance  assets,  this  research  also 
displays  the  additional  advantage  of  enabling  systems  on  the  ground  to  “self-charge.” 
This  will  enable  tactical  units  to  operate  further  afield,  untethered  from  conventional 
power  sources.  Beyond  the  proof-of-concept,  findings  are  extended  to  other  potential 
military  uses,  and  greater  improvement  through  new  or  modified  UAV  design. 
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EXECUTIVE  SUMMARY 


There  are  over  1 1,000  battery-powered  UAVs  in  serviee  or  planned  by  the  United 
States  military.  These  systems  provide  tremendous  benefit,  but  they  have  significant 
power  restrictions  that  constrain  their  utility.  These  UAVs  typically  have  an  endurance 
of  thirty  minutes  to  two  hours,  after  which  time  they  must  land  so  the  batteries  can  be 
recharged,  or  so  that  another  single-use  battery  can  be  installed.  The  retrieve-prepare- 
relaunch  cycle  can  be  far  greater  than  the  on-station  time  for  the  asset,  and  greatly 
reduces  the  utility  of  these  systems  to  the  intelligence  gatherer,  or  war  fighter. 

These  limitations  cannot  be  solved  merely  by  increasing  battery  sizes  to  extend 
missions  or  by  including  additional  batteries  in  a  system  kit.  The  battery  size  must  be  a 
compromise  between  the  additional  endurance  gained  compared  to  the  loss  of  payload 
volume  and  weight  devoted  to  the  larger  battery.  Increasing  the  size  and  number  of 
battery  packs  also  puts  a  greater  strain  on  teams  and  individuals  that  use  these  systems. 
Each  additional  kilogram  of  weight  and  cubic  centimeter  of  volume  needed  takes  away 
from  other  needed  equipment  and  supplies. 

Present  SUAV  capabilities  are  already  limited  and  advances  in  battery  and 
lighter-weight  materials  technology  are  not  keeping  pace  with  ever-increasing  needs  for 
additional  onboard  electronics.  The  lack  of  sufficient  power  is  expected  to  impact  the  use 
of  these  systems  in  the  coming  years. 

The  objective  of  this  research  was  to  investigate  the  improvement  in  battery- 
powered  UAV  performance  through  the  additional  of  thin-film  photovoltaic  (TFPV) 
cells.  We  wanted  to  extend  the  range  and  endurance  of  tactical  UAVs  to  increase  mission 
effectiveness  and  improve  the  success  and  safety  of  our  troops. 

A  secondary  aim  of  this  research  was  to  demonstrate  improved  flexibility  in 
deployment  of  tactical  UAVs  through  the  addition  of  TFPV.  When  not  in  flight,  wing- 
mounted  solar  cells  can  recharge  UAV  batteries  or  other  electronics,  reducing  the  need 
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for  an  external  power  supply  like  a  vehiele  or  generator.  This  “silent  self-eharge” 
eapability  might  be  of  particular  interest  to  Special  Operations  Forces  (SOF)  in  remote 
locations. 

This  thesis  selected  the  RQ-11  Raven  as  a  target  modification  and  flexible  TFPV 
cells  made  from  copper  indium  gallium  diselenide  (CIGS)  after  comparison  of  available 
alternatives.  It  compared  solar-enhanced  to  battery-only  performance  through  laboratory, 
stationary  outdoor,  and  flight-testing.  Since  an  RQ-11  was  unavailable,  a  remotely 
piloted  vehicle  (RPV)  of  similar  size  was  used  as  a  proof-of-concept  test  platform. 
Additionally,  the  best  CIGS  could  not  be  obtained,  so  heavier,  less  efficient  CIGS  cells 
from  a  flexible  battery  charger  were  tested. 

Stationary  and  in-flight  baseline  battery  endurance  was  established  through 
constant  throttle  testing.  Next,  pre-installation  tests  showed  that  with  8%  efficient  CIGS, 
the  endurance  of  the  test  plane  could  be  extended  up  to  three  times  its  pre-solar  baseline. 
Finally,  using  a  constant- throttle  flight  to  approximate  the  mission  profile  of  a  UAV,  the 
aircraft  flew  2.5  times  longer  with  solar  cells  than  without.  Additionally,  on-ground 
testing  showed  that  the  batteries  used  in  this  aircraft  could  be  recharged  between  flights 
in  as  little  as  two  hours. 

Comparison  between  our  test  aircraft  and  the  RQ-11  revealed  that,  although  the 
Raven  is  much  heavier  and  has  greater  power  consumption  due  to  its  payload,  similar 
endurance  improvements  might  be  seen  using  better  11%  rather  than  8%  CIGS  cells, 
much  improved  construction,  and  a  maximum  power  point  tracking  circuit.  Lastly,  this 
thesis  estimated  the  cost  of  such  a  solar  modification  to  be  less  than  $1,000  per  aircraft, 
about  3%  of  the  initial  cost  of  a  single  Raven. 

Improved  solar-modified  UAVs  will  potentially  benefit  the  Department  of 
Defense,  the  Intelligence  Community  and  other  users  of  UAVs.  There  are  many 
additional  applications  of  solar-modified  UAVs,  such  as  border,  port,  and  maritime 
observation,  agriculture  and  forestry,  and  wildfire  monitoring. 
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I.  INTRODUCTION 


A.  BACKGROUND 

The  military  uses  thousands  of  Unmanned  Aerial  Vehicles  (UAVs)  that  run  on 
batteries  and  the  number  will  only  continue  to  climb.  There  are  over  11,000  battery- 
powered  UAVs  in  service  or  planned  by  the  United  States  military  [1],  Though  these 
systems  have  provided  tremendous  benefit,  they  have  significant  restrictions  that 
constrain  their  utility.  Foremost  among  these  limitations  is  energy.  The  payload,  speed, 
and  altitude  primarily  determine  the  power  used  in  flight,  and  the  duration  of  flight 
defines  the  total  energy  needed  in  the  design  and  use  of  Small  Unmanned  Aerial  Vehicles 
(SUAV). 

These  electrically  powered  SUAVs  typically  have  an  endurance  of  thirty  minutes 
to  two  hours,  after  which  time  they  need  to  be  retrieved  so  the  batteries  can  be  recharged, 
or  so  that  another  single-use  battery  can  be  installed.  The  retrieve-prepare-relaunch  cycle 
can  be  far  greater  than  the  on-station  time  for  the  asset,  and  greatly  reduces  the  utility  of 
these  systems  to  the  intelligence  gatherer,  or  warfighter.  SUAV  capabilities  are  limited 
by  in-flight  stored  power  and  the  proximity  of  a  nearby  charging  source. 

These  limitations  cannot  be  solved  merely  by  increasing  battery  sizes  to  extend 
missions  and  by  including  additional  batteries  in  a  system  kit.  The  battery  size  must  be  a 
compromise  between  the  additional  endurance  gained  compared  to  the  loss  of  payload 
volume  and  weight  devoted  to  the  larger  battery.  Increasing  the  size  and  number  of 
battery  packs  also  puts  a  greater  strain  on  teams  and  individuals  that  are  meant  to  benefit 
from  these  systems.  Each  additional  kilogram  of  weight  and  cubic  centimeter  of  volume 
needed  takes  away  from  other  needed  equipment  and  supplies. 

Present  SUAV  capabilities  are  already  limited,  and  advances  in  battery  and 
lighter-weight  materials  technology  are  not  keeping  pace  with  ever-increasing  needs  for 
additional  onboard  electronics.  The  lack  of  sufficient  power  is  expected  to  impact  the  use 
of  these  systems  in  the  coming  years. 
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Future  expectations  for  long-duration  employment  of  unmanned  systems 
cannot  be  supported  by  current  energy  sources.  The  volume  and  length  of 
mission  times  required  when  combined,  exceed  the  ability  of  current 
technology  to  support.  This  may  lead  to  a  decrease  in  the  capabilities 
actually  fielded,  either  in  quantity  or  in  length  of  mission  capabilities.  [1] 

This  leads  to  the  obvious  need  for  alternate  means  of  storing  energy,  methods  of 
conserving  power,  and  generation  or  capture  of  additional  energy  while  in  fight.  One  of 
the  most  practical  and  promising  means  of  extending  SUAV  flight  is  through  the  use  of 
solar  cells. 

Universities,  private  ventures,  and  hobbyists  have  pursued  solar  flight  for 
decades.  The  commercial  and  academic  studies  have  generally  focused  on  the 
development  of  futuristic  prototypes  or  proof-of-concept  vehicles  without  regard  to  near- 
term  practical  applications.  On  the  other  end  of  the  spectrum,  remote  controlled  aircraft 
hobbyists  have  experimented  with  existing  commercial  off-the-shelf  (COTS)  solar 
technology  as  a  primary  power  source,  or  as  an  augment  to  batteries.  There  are  currently 
no  solar  powered  military  UAVs.  There  are  plans  for  a  High-Altitude  Long-Endurance 
(HALE)  UAVs,  including  the  Vulture  program  sponsored  by  the  Defense  Advanced 
Research  Projects  Agency  [2]. 

B,  OBJECTIVE 

In  this  research,  we  investigated  the  potential  advantages  of  modifying  current 
military  Unmanned  Aerial  Vehicles  with  available  thin-film  photovoltaic  (PV)  cells  in 
order  to  increase  their  endurance,  and/or  capabilities.  Key  factors  in  determining  the 
practicality  of  this  approach  are  the  cost-benefit  analysis  (increased  flight  time  versus 
initial  and  recurring  costs),  maintenance  required,  need  for  additional  training,  special 
handling  and  storage  needs,  and  potential  negative  impact  on  flight  parameters. 

This  research  will  potentially  benefit  the  Department  of  Defense,  the  Intelligence 
Community  as  well  as  other  users  of  UAVs.  There  are  many  additional  applications  of 
solar-modified  UAVs,  such  as  border,  port,  and  maritime  observation,  agriculture  and 
forestry,  and  wildfire  monitoring. 
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The  greatest  near-term  benefit  to  the  military  would  be  extended  range  and 
endurance  of  tactical  UAVs  to  the  war  fighter  and  supporting  intelligence  activities.  This 
would  increase  mission  effectiveness  and  improve  the  success  and  safety  of  our  troops, 
particularly  Special  Operations  Forces  (SOF)  in  remote  locations  without  dedicated 
external  air  intelligence,  surveillance,  and  reconnaissance  (ISR)  support.  We  wanted  to 
demonstrate,  not  only  improved  flight  characteristics,  but  also  improved  flexibility  in 
deployment  of  tactical  UAVs.  When  not  in  flight,  wing-mounted  solar  cells  can  still  be 
used  to  charge  the  UAV  or  other  electronics,  reducing  the  need  for  troops  to  plug-in  to  a 
power  source,  or  carry  additional  batteries. 

The  aim  of  this  research  was  to  compare,  procure,  and  test  thin-film  solar  cells 
applied  to  a  SUAV,  or  reasonably  comparable  Remotely  Piloted  Vehicle  (RPV)  and  to 
compare  the  solar-enhanced  aircraft  characteristics  to  baseline  battery-only  attributes. 

Beyond  application  of  current  technology  on  existing  SUAVs,  we  also  sought  to 
extrapolate  findings  to  investigate  the  potential  benefit  of  applying  the  same  solar  cells  to 
larger  UAVs  and  other  novel  military  applications. 

C.  RELATED  WORK 

Since  the  first  solar  flight  in  1974,  there  have  been  dozens  of  projects  devoted  to 
achieving  sustained  solar-powered  aircraft  [3].  There  have  been  large  and  small-scale 
aircraft,  flying  exclusively  on  solar  power,  or  using  solar  to  augment  onboard  batteries. 
Of  the  recent  projects  that  most  closely  relate  to  this  research  one  the  most  notable  have 
been  AC  Propulsion’s  SoLong  in  2005  [4].  In  2006,  Andre  Noth  of  the  Swiss  Federal 
Institute  of  Technology  Zurich  (ETHZ)  began  test  flights  of  the  Sky-Sailor.  In  2008,  he 
flew  the  plane  for  27  hours  and  landed  with  a  fully  charged  battery  [5].  Another  member 
of  the  design  team  developed  a  small-scale  adaptation,  using  the  same  design  process 
with  the  Sun-Surfer  in  2007  [6]. 
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D,  APPROACH 


The  focus  of  this  research  was  to  research  commercial-off-the-shelf  (COTS)  thin- 
film  solar  cells,  power  converters,  and  other  necessary  components  that  can  configured 
for  efficiency  and  weight  conservation,  and  optimized  for  application  to  military  UAVs. 
Ideally,  the  research  would  produce  a  solar-adapted  prototype  UAV  of  an  existing 
military  model.  This  was  not  possible  due  to  time  constraints  and  lack  of  available  UAVs 
upon  which  to  experiment.  However,  existing  SUAVs  were  the  basis  for  selection  of 
COTS  RPV  and  testing  methods. 

Of  current  United  States  SUAVs,  the  Raven  (RQ-llB)  appeared  to  be  the  best 
candidate  for  modification,  not  because  it  has  the  best  surface  area  to  weight  ratio,  but 
because  thousands  of  them  are  already  in  use  by  the  U.S.  Armed  Services  and  allies.  We 
wanted  to  examine  the  SUAV  whose  modification  would  have  the  greatest  operational 
impact  for  a  significant  number  of  years. 

E,  ORGANIZATION 

•  Chapter  II  reviews  the  history  of  solar  flight,  and  focuses  on  recent  and 
relevant  advances  and  will  examine  the  current  military  UAV  inventory. 

•  Chapter  III  will  review  the  theory  of  operation  of  solar  cells,  and  compare 
available  thin-film  photovoltaic  technology. 

•  Chapter  IV  will  explore  existing  and  additional  power  components  needed 
to  integrate  solar  cells  onto  a  UAV  including  batteries,  regulators,  charge 
control,  and  solar  optimization  circuits. 

•  Chapter  V  will  cover  the  design  and  physical  assembly  of  the  aircraft 
components. 

•  Chapter  VI  is  a  presentation  of  the  testing  methods  and  results,  to  include 
laboratory,  stationary  outdoor,  and  flight  tests. 

•  Chapter  VII  gives  conclusions,  and  makes  recommendations  for  extension 
of  the  current  research. 
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II.  AIRCRAFT 


A,  HISTORY  OF  SOLAR  FLIGHT 

On  September  17,  1974,  a  new  era  of  flight  began  when  the  Sunrise  (Figure  1) 
made  the  world’s  first  flight  exclusively  powered  by  solar  cells.  Astro  Flight  designed 
the  aircraft  under  contract  from  the  Advanced  Research  Projects  Agency  (ARP A)  as  a 
one-third  scale  model  of  a  proposed  aircraft. 


Figure  1.  Sunrise  1,  1974  (From  [7]). 

Sunrise  was  not  only  the  first  solar  plane,  but  also  a  concept  for  a  perpetual  or 
very  long  duration  flight.  The  idea  was  to  fly  the  plane  at  a  very  high  altitude,  above  the 
cloud  cover  and  high  winds  to  expose  the  solar  cells  to  the  greatest  amount  of  sunlight.  It 
would  then  glide  and  descend  slowly  throughout  the  night  until  sunrise  permitted  it  to 
regain  altitude.  This  was  obviously  the  first  attempt  to  prove  the  concept  of  a  High- 
Altitude,  Long-Endurance  (HALE)  aircraft  [3]. 

Another  significant  step  in  the  aimals  of  solar  aviation  was  the  flight  of  the  Solar 
Riser,  a  manned  aircraft  (Eigure  2).  It  did  not  have  the  ability  to  sustain  flight  on  solar 
alone,  instead  power  provided  by  its  solar  cells  was  used  to  charge  a  battery  which 
enabled  it  to  fly  at  approximately  12  m  altitude  for  0.8  km  [8]. 
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Figure  2.  Solar  Riser,  1979  (From  [5]). 

The  next  two  significant  solar  aircraft  were  manned.  First  was  the  Gossamer 
Penguin,  shown  in  Figure  3,  which  is  a  scaled-down  version  of  the  human-powered 
Gossamer  Albatross  II.  This  was  the  first  solar  aircraft  powered  in  flight  directly  from 
the  sun,  that  carried  a  human  pilot.  In  this  case,  the  human  in  question  was  a  1 3-year-old 
boy,  the  son  of  AeroVironment  founder  Dr.  Paul  MacCready.  With  a  pilot  that  weighed 
only  80  lbs  (36.3  kg),  the  plane  was  flown  very  low  to  the  ground  and  for  short  distances 
[9]. 


With  knowledge  gained  from  the  Gossamer  Penguin  project,  and  sponsorship 
from  DuPont,  AeroVironment  and  AstroFlight  again  teamed  up  to  produce  the  Solar 
Challenger,  shown  in  Figure  4.  Specifically  designed  for  solar  flight  as  opposed  to  an 
adapted  version  of  some  other  aircraft,  it  had  large  flat  wings  to  accommodate  a  greater 
number  of  solar  cells,  and  a  robust  structure  to  withstand  greater  winds.  The  plane  flew 
across  the  English  Channel  on  July  7,  1981  [5]. 
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Figure  4.  Solar  Challenger  (From  [10]). 


Solar  flight  has  continued  to  improve  in  all  aspects  as  photovoltaic  cells  have 
become  lighter  and  more  efficient  and  batteries  have  continued  to  improve  in  energy 
density.  There  have  been  many  other  significant  achievements  in  solar  aviation,  but  in 
the  interest  of  brevity,  we  will  focus  on  those  that  relate  closely  to  the  topic  of  this 
research.  In  2008,  Andre  Noth  wrote  an  in-depth  review  of  the  entire  history  of  solar 
flight,  which  includes  a  comprehensive  table  of  all  known  projects  [5]. 

B.  RECENT  SOLAR  UAV  RESEARCH 

As  performance  has  increased,  so  has  cost  decreased  (Figure  5),  enabling  greater 
access,  and  innovation  in  the  field  of  study. 


Figure  5.  World  Average  Photovoltaic  Module  Cost  per  Watt  (From  [11]). 
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Solar  airplanes  have  moved  further  from  high-end  academic  exercises  or  materials 
exhibitions  and  closer  to  realistic  and  practical  production  models. 


1.  High-Altitude  Long-Endurance 

High- Altitude  Long-Endurance  (HALE)  UAVs  represent  one  of  the  most 
promising  applications  of  thin-film  solar  cells  for  military  or  commercial  surveillance  and 
communications  systems.  Erom  the  first  solar-powered  airplane,  designers  have  sought 
to  create  aircraft  that  operate  at  very  high  altitudes  to  take  advantage  of  the  best  solar 
exposure  and  the  ability  to  descend  slowly  during  the  night  [3]. 

AeroVironment  continued  to  develop  the  most  notable  solar  HALE  UAVs,  often 
working  with  NASA.  Continuing  from  the  Solar  Challenger,  these  aircraft  include  the 
Pathfinder,  Pathfinder-Plus,  Centurion,  and  Helios,  shown  in  Eigure  6. 
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Eigure  6.  AeroVironment  Solar  HALE  Evolution  (Erom  [12]). 

Pathfinder  flew  to  a  solar-powered  record  of  50,000  feet  in  1995,  and  after 
moving  to  Hawaii  and  undergoing  additional  improvements,  flew  to  70,500  feet  in  1997. 
Pathfinder  Plus  was  a  larger  version  that  featured  two  additional  motors.  In  August  of 
1998,  it  flew  to  80,200  feet.  Next  came  the  Centurion,  with  14  motors,  and  a  wingspan  of 
206  feet.  The  Centurion  was  originally  intended  to  demonstrate  flights  at  greater  than 
100,000  ft.  altitude,  and  the  Helios  was  to  fly  for  at  least  96  hours  at  50,000  ft.  In  1998, 
the  Centurion  made  several  low-altitude  test  flights  [12]. 
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Due  to  budget  euts,  the  Centurion  was  modified  in  1999,  and  renamed  Helios. 
NASA  and  AeroVironment  agreed  to  abandon  the  lower- altitude  test  program  and  focus 
on  the  Centurion’s  original  objectives.  After  a  series  of  test  flights  and  configuration 
changes,  a  high-altitude  version  of  the  Helios  achieved  a  record-setting  altitude  of  96,863 
ft.  in  August  2001.  This  was  a  record  not  only  for  solar  planes,  but  also  for  all  winged 
aircraft  in  horizontal  flight.  Unfortunately,  a  catastrophic  crash  in  June  2003  effectively 
ended  the  program  that  funded  the  NAS  A/ AeroVironment  program,  but  it  was  viewed  as 
having  proved  the  HALE  concept.  A  NASA  report  on  the  Helios  mishap  stated; 

Although  more  knowledge  can  and  should  be  pursued  as  recommended  in 
this  report,  an  adequate  knowledge  base  now  exists  to  design,  develop,  and 
deploy  operational  HALE  systems.  [12] 

Though  budget  cuts  appear  to  have  stalled  NASA’s  solar  HAEE  efforts,  the 
research  has  continued.  In  July  2008,  the  Zephyr,  from  the  British  defense  company 
Qinetiq,  underwent  U.S.  Joint  Comparative  Technology  Demonstration  (JCTD)  at  Yuma 
Proving  Grounds  in  Arizona.  This  aircraft  carried  a  U.S.  communications  payload  and 
flew  for  a  record  82  hours  and  37  minutes  [13]. 

The  Zephyr  (Eigure  7)  is  extremely  lightweight,  with  a  wingspan  of  18  meters, 
but  only  weighing  30  kg  (about  60  ft.,  66  lbs.).  Two  emerging  technologies  have 
contributed  to  the  lightweight  construction,  and  therefore  long  endurance,  of  this  aircraft. 
It  uses  lithium  sulfur  batteries,  which  have  a  much  higher  energy  density  per  mass  (350- 
400  Wh/kg),  than  lithium  ion  batteries  (200-225  Wh/kg)  [14].  The  other  main 
improvement  in  the  planes  power-to-weight  ratio  was  achieved  using  thin-film  solar  cells. 
In  this  case,  the  aircraft  was  powered  by  amorphous  silicon  cells  manufactured  by  United 
Solar  Ovonic  [15]. 
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Figure  7.  QinetiQ’s  Zephyr  Solar  UAV  (From  [15]). 


Another  ongoing  solar  HALE  UAV  projeet  is  the  DARPA  Vulture.  This  aireraft 
is  envisioned  as  being  capable  of  flying  for  over  five  years  to  provide  intelligence, 
surveillance,  and  reconnaissance  (ISR),  and  communications  [16]. 


2,  Small  Solar/Battery  Powered  UAVs 

Over  the  past  five  years,  there  have  been  a  growing  number  of  corporate  and 
academic  research  projects,  aimed  at  producing  perpetual  or  long-endurance  UAVs. 


a.  SoLong 


On  June  1-3,  2005,  the  solar  UAV  SoLong  (Figure  8)  flew  for  48  hours 
and  1 1  minutes.  This  aircraft  was  designed  and  flown  by  AC  Propulsion  chairman  Alan 
Cocconi.  SoLong  featured  a  4.75  m  wingspan,  12.8  kg  weight,  and  1,200  Wh  battery  [4]. 
It  used  SunPower  Corporation  A-300  silicon  solar  cells,  which  have  been  measured  by 
the  National  Renewable  Energy  Laboratory  (NREL)  at  an  efficiency  of  21.5%  under 
standard  test  conditions  [17]. 


Eigure  8.  2005  Alan  Cocconi  with  AC  Propulsion’s  SoEong  (Erom  [4]). 
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b.  Sky-Sailor 

The  project  that  produced  the  Sky-Sailor  solar  airplane  began  as  a 
European  Space  Agency  (ESA)  study.  The  goal  was  to  determine  whether  continuous 
solar  flight  on  Mars  is  viable  for  unmanned  exploration.  Andre  Noth,  then  a  PhD 
candidate,  used  this  topic  for  his  doctoral  research.  Dr.  Noth  and  the  Sky-Sailor  team 
first  developed  a  flexible  design  methodology  for  solar  planes.  The  premise  was  to 
construct  a  rigorous  model  that  would  take  into  account  some  30  constant,  variable,  and 
mission-dependent  factors  by  which  a  solar  plane  could  be  evaluated  and  optimized.  A 
multidisciplinary  approach  helped  to  produce  a  detailed  model  that  takes  into  account 
electrical,  mechanical,  and  physical  factors  [5].  Eor  his  Master’s  internship  project,  Niels 
Diepeveen  tested  the  optimization  method  for  scalability  through  the  Sun-Surfer  project 
(Eigure  9)  in  January  through  March  of  2007  [6]. 


Eigure  9.  Niels  Diepeveen  with  Sun-Surfer  in  2007  (Erom  [6]). 

The  Sky-Sailor  (Eigure  10)  was  unlike  the  much  larger  HALE  solar  UAVs 
that  flew  above  the  cloud  cover  and  had  a  significant  altitude  from  which  to  descend 
during  the  night.  It  was  also  significantly  different  from  the  slightly  larger  SoLong  plane, 
which  took  advantage  of  rising  warm  air,  or  “thermals”  to  assist  the  battery  and  solar 
cells.  The  Sky-Sailor  was  tested  under  level  flight  at  only  200  m  above  ground  level 
(AGE).  On  June  20,  2008,  the  Sky-Sailor  demonstrated  the  ability  for  continuous  flight, 
completing  a  flight  of  more  than  27  hours  [5]. 
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Figure  10.  Andre  Noth  with  Sky-Sailor  in  2008  (From  [5]). 

C.  MILITARY  UAVS 
1,  History 

With  the  advent  of  the  first  automatie  gyroscope  stabilizer,  UAVs  were  first 
developed  in  World  War  1.  These  earliest  unmanned  flights  were  akin  to  modern  cruise 
missiles.  The  first  radio-controlled  UAV  was  a  converted  U.S.  Navy  Curtis  N-9  trainer 
(Figure  1 1)  that  was  capable  of  carrying  a  300  lb.  (136  kg)  bomb  50  miles  [18]. 


Figure  1 1 .  Curtiss  /  Sperry  Aerial  Torpedo  1918  (From  [18]). 

Another  significant  UAV  from  WWI  was  the  Kettering  Bug,  shown  in  Figure  12. 
Though  it  lacked  the  radio  control  of  the  Curtis  model,  this  was  an  original  design,  rather 
than  an  adaptation  of  an  existing  craft.  The  Kettering  Bug  had  a  wingspan  of  only  six 
feet,  used  a  two-stroke  engine,  and  was  capable  of  carrying  a  250  lb.  (1 13  kg)  bomb.  The 
“aerial  torpedo”  was  launched  from  a  set  of  tracks,  flew  straight  a  predetermined 
distance,  then  crashed  to  earth.  The  war  ended  before  it  was  used  in  combat  [19]. 
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Figure  12.  Kettering  Bug  1918  (From  [19]). 

The  first  reusable  UAV  was  the  Queen  Bee,  developed  in  the  United  Kingdom  for 
Royal  Navy  anti-air  gunnery  training.  From  1935-1947,  the  Royal  Navy  and  Royal  Air 
foree  used  380  of  these  aireraft.  Another  innovation  during  the  war  was  the  eonversion 
of  PB4Y-1  Liberators  and  B-17s  to  fly  unmanned  using  television  guidanee  systems  [18]. 


Figure  13.  Queen  Bee  Reusable  Target  UAV  1935  (From  [18]). 

The  AQM-34  Ryan  Firebee  UAV,  shown  in  Figure  14,  flew  more  than  34,000 
daytime  and  nighttime  missions  over  Southeast  Asia  from  1965-1975.  These  UAVs 
were  air  launehed  and  eontrolled  by  a  DC-130,  and  deployed  a  paraehute  to  land  [18]. 
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Figure  14.  DC-130  with  Two  AQM-34  Ryan  Firebees  (From  [20]). 

The  Israeli  military  modified  and  used  12  Firebees  during  the  Yom  Kippur  War  of 
1973.  They  were  used,  not  only  for  reconnaissance,  but  also  as  decoys.  The  Egyptians 
fired  all  43  of  their  missiles  at  the  Israeli  drones.  The  Firebees  were  incredibly  successful 
in  this  role  as  they  evaded  32  of  the  missiles,  and  shot  down  11  others  with  onboard 
Shrike  air-to-air  missiles  [18]. 

During  the  remainder  of  the  1970s  and  into  the  1980s,  Israel  emerged  as  the 
leader  in  UAV  technology.  The  first  of  two  notable  UAVs  they  produced  was  the  Scout. 
It  was  relatively  small  (13  ft.  wingspan),  and  made  of  fiberglass,  so  it  was  very  difficult 
to  track,  and  even  harder  to  destroy.  The  UAVs  were  capable  of  transmitting  real-time 
video,  and  were  incredibly  effective  in  identifying  Syrian  RADAR  sites  for  destruction 
by  bombers.  The  second  important  Israeli  UAV  produced  during  this  period  was  the 
Pioneer  [18]. 

The  U.S.  Navy  was  disappointed  in  the  ineffectiveness  of  naval  gunfire  support 
and  airstrikes  and  the  ability  to  conduct  battle  damage  assessment  (BDA)  safely  during 
operations  in  Libya,  Grenada,  and  Lebanon  [21].  The  Navy  sent  a  contingent  to 
investigate  the  shortfalls  of  strikes  against  Syrian  Army  positions  near  Beirut.  During 
this  fact-finding  mission,  the  team  came  away  with  a  great  appreciation  for  the 
effectiveness  of  Israeli  UAVs  in  conducting  targeting  and  BDA  missions.  They 
recommended  the  U.S.  military  should  adopt  similar  UAV  systems  for  these  roles  to 
increase  mission  effectiveness.  This  would  keep  pilots  and  much  higher-cost  aircraft  out 
of  these  high-risk  missions  at  a  fraction  of  the  cost  [22]. 
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The  Secretary  of  the  Navy  agreed  with  the  recommendation  and  ordered  an  rapid 
acquisition  program  to  get  these  assets  to  the  fleet.  This  resulted  in  the  RQ-2  Pioneer 
aircraft,  with  a  wingspan  of  16.9  ft  (5.15  meters),  speed  of  100-plus  mph  (161  kph)  and 
the  ability  to  carry  a  65-100  lb.  (29-45  kg)  payload  in  excess  of  greater  than  100  miles 
(185  km).  The  Pioneer  can  be  launched  from  pneumatic  rails  or  with  rocket-assist,  and 
can  be  recovered  by  net  at  sea  or  on  a  small,  unimproved  landing  site  ashore  (Figure  15). 


Figure  15.  Shipboard  Launch  and  Recovery  of  RQ-2A  Pioneer  (From  [23] [24]). 

U.S.  maritime  and  ground  forces  including  operations  in  Bosnia,  Yugoslavia,  and 
Somalia  have  used  the  Pioneer.  It  was  incredibly  successful  in  directing  naval  gunfire,  as 
witnessed  during  Operation  Desert  Storm.  During  one  famous  incident,  Iraqi  forces 
signaled  their  surrender  to  a  low-flying  RQ-2  that  was  spotting  targets  for  the  16-inch 
guns  of  the  USS  Wisconsin  (BB  64).  Knowing  the  Pioneer’s  presence  signaled  an 
accurate  and  devastating  impending  strike,  the  soldiers  used  anything  they  could, 
including  bed  sheets,  to  signal  their  surrender  [21]. 

From  that  point,  the  United  States  quickly  became  a  leading  user  and  producer  of 
UAVs.  As  shown  in  Figure  16,  the  use  of  UAVs  has  grown  exponentially  since  the 
attacks  of  September  11,  2001. 
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Figure  16.  DoD  UAS  Flight  Flours  by  Fiscal  Year  (From  [25]). 


These  figures  are  particularly  staggering  when  the  fact  that  man-portable  small 
UAVs  (less  than  10  lbs.,  4.5  kg)  are  not  included  in  the  flight  hours.  The  numbers  of  this 
type  of  UAV  grew  from  40  in  2002,  to  nearly  6,000  in  2008  (Table  1)  [25]. 


Change’  in# 

Change  In# 

UAS 

#  of  UAS 

(2002-2008) 

UAS 

#  of  UAS 

(2002  •  2008) 

2002 

2008* 

2002 

2008* 

Theater  &  Tactical  (>  10  lbs) 

Sma  II 

(<10lbs: 

1 

Pipneor 

34 

0 

-34 

DragpoEye 

40 

672 

632 

Siher  Fox 

53 

53 

Raven  A  &  B 

4995 

4995 

ScanEagle 

13 

13 

gMAV 

54 

54 

Shadow  200 

24 

252 

228 

WASP 

116 

116 

Hunter 

41 

41 

0 

Sub-Total 

40 

5837 

5797 

t-GnatWarhor  A 

18 

18 

Predator  MQ- IB 

22 

109 

87 

Grand  Total 

167 

S3S8 

6191 

Reaper  MO-9 

26 

26 

Note:  Smal  unmanned  aircraft  systems 

Global  HaftNlr 

6 

9 

3 

(SUAS).  those  ■>veigh  ng  less  than  10  lbs.  have 

Sub'Total 

127 

521 

394 

been  included 

.  the  grealesi  increase  In 

numbers  ofalrcraft  Is  due  to  SUAS.  SUASare 
listed  separately.  Numbers  tsted  are  for 

aircraft,  not  systems.  Systems  are  connposed 
Of  va  tying  numbers  of  aircraft. 

•  AsotOcI  I,  2008. 


Table  1.  Change  in  Fielded  Number  of  UAS  2002-2008  (From  [25]). 


2,  Current  United  States  UAVs 

UAVs  have  obviously  become  much  more  prevalent  in  today’s  military. 
Unmanned  surveillance  and  combat  is  widely  seen  as  the  future  of  operations.  Missions 
that  are  best  suited  to  UAVs  are  commonly  described  as  “dangerous,  dirty,  or  dull.”  The 
United  States  Congress  recognized  in  2001  the  growing  need  for  unmanned  systems  and 
mandated  their  increased  use.  In  the  2001  Defense  Authorization,  they  declared; 
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It  shall  be  a  goal  of  the  Armed  Forees  to  achieve  the  fielding  of 
unmanned,  remotely  controlled  technology  such  that — (1)  by  2010,  one- 
third  of  the  aircraft  in  the  operational  deep  strike  force  aircraft  fleet  are 
unmanned. 

Today’s  UAVs  are  incredibly  diverse  in  size,  capabilities,  and  mission 
employment.  They  can  provide  visual  or  thermal  imagery,  signals  intelligence,  targeting, 
and  even  the  ability  to  strike  High-Value  Targets  (HVT)  in  denied  or  remote  areas. 
Though  they  often  perform  missions  that  manned  aircraft  can  accomplish,  UAVs 
eliminate  the  risk  to  pilots  and  aircrew,  and  often  do  so  at  a  much  lower  cost. 

UAVs  have  evolved  into  robust  and  highly  reliable  multi-mission  capable  aircraft. 
Each  of  the  Armed  Services  employs  UAVs  for  missions  such  as  security,  surveillance, 
targeting,  and  guidance.  In  the  conflicts  in  Iraq  and  Afghanistan,  they  have  saved  many 
lives,  “providing  the  Warfighter  with  evidence  that  lEDs  have  been  planted  on  convoy 
routes,  warning  troops  of  ambushes,  assisting  troops  in  contact,  and  permanently 
removing  HVAs  from  the  battle.”  [1] 

Apart  from  military  applications,  unmanned  aircraft  can  be  used  in  a  myriad  of 
ways  by  civilians  for  research,  public  safety,  and  commercial  interests.  Though  it’s  not 
possible  to  detail  every  use,  some  of  these  applications  include:  search-and-rescue 
missions,  fires  detection  and  tracking,  observing  agriculture,  wildlife,  icebergs, 
hurricanes,  aerial  mapping,  communications,  and  border  security. 

In  the  future,  there  may  be  even  greater  demand  in  the  civilian  sector  for  UAVs 
with  superior  capabilities  and  longer  endurance.  There  are  undoubtedly  more  suitable 
applications  for  use  of  thin-film  photovoltaic  cells  as  civilian  aircraft  can  be  easier  to 
optimize  for  performance,  as  they  do  not  need  to  meet  the  same  levels  of  reliability  and 
survivability. 

Though  the  current  research  has  wide  potential  for  civilian  and  military  UAVs 
alike,  it  focused  primarily  on  military  aircraft.  In  particular,  it  examined  application  of 
thin-film  solar  cells  on  the  UAVs  that,  if  improved,  would  most  benefit  the  U.S.  military 
in  the  near  term.  To  that  end,  we  reviewed  current  and  forthcoming  aircraft  in  the  U.S. 
inventory  to  narrow  the  scope  of  the  project. 
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Previously,  several  of  the  U.S.  military  serviees  have  categorized  UAVs  into 
different  “tiers”  or  “classes.”  The  latest  DoD  UAS  Roadmap  and  other  recent  literature 
do  not  indicate  agreement  or  adherence  to  named  tiers,  so  we  review  UAVs  by  size,  or 
similar  employment. 

There  are  of  course  many  other  UAV  programs  in  various  stages  of  development 
that  don’t  fit  into  these  existing  classifications,  including  the  Navy’s  Unmanned  Combat 
Air  System  Demonstration  (UCAS-D)  [26],  but  we  focus  on  those  that  are  planned  or  in 
use  in  significant  numbers. 

a.  Large/High  Altitude/Strike 

These  are  the  largest  and  probably  most  well  known  UAVs  in  today’s 
inventory.  Included  are  the  Improved  Gnat  (I-Gnat)  /Warrior  Alpha,  Predator  (MQ-1), 
Reaper  (MQ-9),  Global  Hawk  (RQ-4),  and  the  Hunter  (MQ-5).  Long-endurance  drones 
like  these  have  become  indispensible  to  today’s  military.  They  have  been  providing 
commanders  with  persistent  surveillance  over  a  battlespace  or  theatre  since  the  mid- 
1990s. 

The  lineage  of  several  of  these  systems  can  be  traced  to  DARPA’s 
AMBER  program  (Figure  17).  The  medium-altitude  unmanned  aircraft  first  flew  in 
1986,  but  was  not  initially  taken  on  as  a  program  of  record  by  the  armed  services. 
However,  Desert  Storm  showed  the  significance  of  bringing  this  capability  to  the 
battlefield  quickly  [27]. 


Figure  17.  DARPA’s  AMBER  Developed  by  heading  Systems  1986  (From  [28]). 
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Based  on  the  AMBER  aircraft,  the  Gnat  750  (Figure  18)  was  developed  to 
help  bridge  an  identified  ISR  gap  [27].  Later,  a  larger,  more  capable  Gnat,  the  Improved 
Gnat-Extended  Range  (1-Gnat-ER)  was  produced.  This  includes  the  2007  addition  of 
strike  capability.  This  configuration  is  now  known  as  the  “Warrior  Alpha”  [1]. 


Figure  18.  General  Atomics  Gnat  750  (From  [29]). 

Of  course,  the  AMBER’ s  “descendants”  did  not  end  there.  General 
Atomics  acquired  Leading  Systems,  which  was  the  birthplace  of  AMBER,  and  produced 
the  Predator  derived  from  this  basic  design.  The  RQ-1  Predator  began  flying  surveillance 
missions  in  1995,  and  has  been  flown  over  Bosnia,  Kosovo,  Iraq,  and  Afghanistan.  The 
Predator’s  designation  was  changed  from  RQ-1  to  MQ-1  in  2001,  indicating  its  new 
capabilities  as  a  multi-mission  aircraft  versus  reconnaissance  only.  The  newer  MQ-1  is 
27  feet  long  (8.2  m)  with  a  wingspan  of  55  feet  (16.8  m).  It  can  carry  a  payload  of  450 
lbs.  (204  kg),  fly  for  over  24  hours,  or  16  hours  with  weapons  attached.  The  MQ-1  is 
powered  by  a  1 15  hp  engine  and  can  fly  to  25,000  ft  (7.62  km).  The  Predator  was  fitted 
with  a  laser  designator  so  it  can  provide  targeting  for  precision  munitions,  and  it  can  be 
equipped  with  two  AGM-1 14  Hellfire  missiles  [1]. 

The  last  piece  of  the  AMBER/Gnat/Predator  lineage  is  the  MQ-9  Reaper, 
originally  called  the  Predator  B.  It  is  a  significantly  larger  and  has  a  gross  weight  nearly 
five  times  that  of  the  RQ-1,  shown  in  Figure  19.  The  primary  mission  of  the  Reaper  is  to 
act  as  a  “persistent  hunter-killer  for  critical  time-sensitive  targets”  [1].  It  accomplishes 
this  through  the  ability  to  carry  much  larger  payloads  than  the  Predator,  up  to  3750  lbs. 
(1,701  kg).  This  allows  the  aircraft  to  deliver  GBU-12  Laser  Guided  Bombs,  GBU-38 
Joint  Direct  Attack  Munition  (JDAM),  in  addition  to  Hellfire  Missiles. 
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Figure  19.  Predator/Reaper  Comparison  (From  [30]). 


MIWl 


The  next  step  in  the  evolution  of  this  platform  may  be  the  Predator  C 
(Avenger),  shown  in  Figure  20.  This  jet-powered,  stealthy  UAV  was  developed  by 
General  Atomics  and  test  flown  in  April  2009  [31]. 


Figure  20.  General  Atomics  Aeronautical  Predator  C  “Avenger”  (From  [32]). 

Another  system  that  falls  into  this  general  category  is  the  MQ-5  Hunter 
(originally  the  RQ-5).  Though  these  systems  were  only  produced  in  small  numbers  under 
a  joint  service  program  until  1996,  they  have  been  retrofitted  with  modem  avionics  and 
the  ability  to  carry  munitions. 
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The  last  active  member  of  this  category  is  the  RQ-4  Global  Hawk.  Similar 
to  the  AMBER/Gnat/Predator  program,  the  RQ-4  Global  Hawk  began  as  a  DARPA 
demonstration  and  was  transferred  to  the  Air  Force  [27].  The  Global  Hawk  flew  for  the 
first  time  in  1998,  and  became  a  full-scale  production  model  in  2001.  It  normally  flies  at 
very  high  altitude,  providing  theater-wide  ISR.  Its  sensors  include  electro-optical  (EO), 
infrared  (IR),  and  synthetic  apparature  Radar  (SAR).  Due  to  its  ability  to  fly  at  65,000  ft 
(19.8  km),  robust  sensor  package,  and  ability  to  keep  pilots  out  of  danger,  the  Global 
Hawk  was  selected  to  replace  the  U-2  [33].  Like  the  Predator,  the  Global  Hawk  has  a 
larger,  more  capable  variant,  the  RQ-4B.  A  size  comparison  of  the  enhanced  model  to 
the  original  is  shown  in  Figure  21. 


Figure  21 .  Global  Hawk  Variants  (From  [34]). 
b.  Medium 

According  to  the  Marine  Corps,  these  aircraft  are  “designed  to  support 
divisions,  regiments,  battalions,  and  MEUs”  [35].  The  Navy  uses  the  ScanEagle  in  this 
role  (Figure  22).  The  ScanEagle  is  approximately  40-pound  (18-kg),  has  an  endurance  of 
over  15  hours,  and  normally  flies  at  about  60  mph  (97  kph)  up  to  15,000  feet.  The 
Marine  Corps  has  used  the  ScanEagle,  and  the  previously  described  Pioneer  (RQ-2),  but 
in  2006  selected  the  Army’s  Shadow  (RQ-7)  to  replace  it.  The  Army  selected  the 
Shadow  (Figure  23)  for  Brigade-level  support  in  1999.  Like  the  ScanEagle,  it  is  rail- 
launched,  but  it  is  a  great  deal  heavier.  The  Shadow  can  fly  faster  (127  mph,  204  kph), 
carrying  much  heavier  payloads  than  the  ScanEagle  (60  lbs.,  27  kg),  but  only  for  five  to 
six  hours. 
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Figure  22.  ScanEagle  Shipboard  Launch  (From  [36]). 


Figure  23.  Shadow  (RQ-7)  Launch  (From  [37]). 
c.  Small/T actical 

These  are  small-unit  tactical  aircraft,  powered  by  batteries.  They  can  be 
man  carried,  and  launched  by  hand.  They  provide  units  with  low-level  ISR,  such  as  in 
mountainous  or  urban  environments  where  a  small-unmanned  aerial  system  (SUAS)  with 
a  “birds-eye”  view  can  conduct  “close-range  aerial  observation  over  the  next  hill,  ahead 
of  convoys  or  a  few  blocks  away  in  cities  without  endangering  personnel”  [38].  These 
systems  use  a  laptop  computer  as  a  ground  control  station  (GCS)  and  weigh 
approximately  five  pounds  (2.27  kg). 
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Though  they  lack  the  endurance  and  firepower  of  some  of  their  more 
famous  brethren,  these  UAVs  “have  proven  their  worth  at  Company  and  Platoon  level, 
giving  short-term  line  of  sight  (LOS)  ISR  capability  to  individual  soldiers  and  also 
extending  the  reach  of  soldiers  providing  base  perimeter  defense”  [1]. 


Due  to  their  low  cost  and  portability,  the  United  States’  SUAV  inventory 
dwarfs  of  that  of  that  larger  systems.  As  of  2008,  there  were  nearly  6,000  SUAVs  in  the 
military’s  inventory,  with  many  more  on  the  way.  Since  the  Air  Force’s  transition  from 
the  Desert  Hawk,  and  the  Marine  Corps’  switch  from  the  Dragon  Eye,  the  RQ-11  Raven 
is  the  only  remaining  active  production  line.  The  Raven  will  survive  as  the  “Joinf’ 
SUAV  as  these  other  UAVs  are  phased  out. 


AeroVironment’s  RQ-14  Dragon  Eye  first  flew  in  2000  (Figure  24). 
Following  a  40-unit  operational  assessment,  the  USMC  awarded  a  full-production 
contract  to  AeroVironment  and  BAI  Aerosystems.  The  Dragon  Eye  weighs  less  than  five 
pounds  (2.27  kg),  has  a  wingspan  of  just  less  than  4  feet  (1.2  m),  and  can  fly  for  45-60 
minutes.  A  second  variant,  called  the  RQ-14B  Swift  was  simply  an  RQ-1  lA  Dragon  Eye 
that  used  a  Raven  Ground  Control  Station  (GCS).  Production  is  complete  on  these 
systems,  but  as  of  October  2008,  there  were  still  672  systems  in  use. 


Figure  24.  U.  S.  Marine  Eaunching  an  RQ-14  Dragon  Eye  (Erom  [39]). 


By  far  the  most  prevalent  SUAV  is  the  RQ-1 1  Raven,  shown  in  Figure  25. 
The  Raven  was  developed  from  the  Flashlight  and  Pathfinder  aircraft  in  2002  and  was 
selected  as  an  interim  solution  for  the  Army  in  2004.  It  provides  color  electro-optical 

23 


imagery  as  well  as  infrared,  and  is  normally  flown  at  a  mission  altitude  near  500  feet  (152 
m).  As  of  Oetober  2008,  there  were  already  nearly  5,000  Ravens  fielded,  with  5,000 
more  to  come.  This  makes  the  Raven  the  most  widely  used  UAV  in  history. 


Figure  25.  Soldier  Hand-Launch  of  RQ-1 1  Raven  (From  [40]). 

We  will  focus  on  the  Raven  in  following  chapters  as  the  UAV  of  choice 
for  solar  modification  since  its  use  is  so  widespread,  and  it  looks  to  be  the  SUAV 
program  for  the  U.  S.  military  for  the  foreseeable  future.  Table  2  gives  an  overview  of 
the  physical  and  performance  characteristics  of  the  Raven. 


RQ-11  Raven 

Weight 

4  2  lb 

Payload  Capacity 

I  112(M 

Length 

36  m 

Engine  Type 

DirecI  Dnve  Electric 

Wingspan 

65  in 

Perfoini.iuce: 


Celting,  MSL 

15,000  ft 

Endurance 

90  min 

Normal  Operating  Altitude,  AGL 

600  ft 

Cruise  Speed 

26kts 

Radius 

lOkrr(LOS) 

Table  2.  RQ-1 1  Raven  Characteristics  [From  [1]). 
d.  Micro  UAVs 

There  are  two  significant  micro-UAV  programs  in  the  DoD,  with  many 
more  on  the  horizon.  The  first  is  the  Battlefield  Air  Targeting  Micro  Air  Vehicle 
(BATMAV).  The  specific  aircraft  that  functions  in  this  role  is  the  Wasp  III, 
manufactured  by  AeroVironment.  The  Wasp  III  (Figure  24)  is  small,  very  lightweight  (1 
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lb),  and  was  developed  for  Air  Force  Special  Operations  Command  (AFSOC).  Combat 
Controllers  can  easily  transport  this  UAV  to  provide  force  protection  and  to  help  guide 
friendly  air  strikes  while  staying  further  from  enemy  positions.  [1] 


Figure  26.  AeroVironment  Wasp  III  MAV  (From  [41]). 

The  second  notable  micro-UAV  is  the  gMAV,  or  Gasoline  Micro  Air 
Vehicle  (Figure  25).  DARPA  funded  and  Floneywell  developed  this  ducted-fan  man- 
packable  unit.  It  is  16.5  pounds  (7.5  kg)  and  can  be  operated  by  a  single  soldier,  though 
it  is  often  carried  to  a  location  in  a  vehicle  prior  to  deployment  [42].  The  program  is  still 
under  evaluation,  but  has  been  operated  in  Iraq  by  the  Pennsylvania  Army  National 
Guard’s  56th  Stryker  Brigade  Combat  Team.  This  followed  gMAV  missions  supporting 
the  25*  Infantry  Division  that  were  flown  by  Honeywell  operators. 


Figure  27.  Honeywell  gMAV  Ducted  Fan  Micro  Air  Vehicle  (From  [43]). 
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Vertical  Take  Off  and  Landing  (VTOL)  UA  V  (VTUA  V) 

The  last  U.S.  military  UAV  we  review  is  the  MQ-8  Fire  Scout.  The  MQ-8 
is  an  unmanned  helicopter,  based  on  the  Schweizer  Model  333  manned  helicopter.  The 
Navy  awarded  Northrop  Grumman  a  contract  to  develop  the  RQ-8A  in  February  2000. 
In  2003,  the  Army  selected  the  Fire  Scout  for  its  Future  Combat  System  (FCS).  In  2004, 
the  Navy  formalized  a  contract  for  an  MQ-8B  variant  for  use  aboard  the  Littoral  Combat 
Ship.  In  2006,  the  two  Fire  Scouts  autonomously  landed  aboard  the  USS  Nashville 
(LPD-13)  a  total  of  nine  times.  This  marked  the  first  time  an  unmanned  helicopter  landed 
and  launched  on  a  moving  U.S.  ship  [44].  This  is  displayed  in  Figure  28. 


Figure  28.  Fire  Scout  Landing  on  USS  Mclnerney  (FFG-8)  (From  [45]). 


D.  CHAPTER  SUMMARY 

In  this  chapter,  we  described  the  history  of  solar  flight,  described  some  of  the 
most  recent  research  on  the  subject,  and  presented  an  overview  of  current  U.  S.  military 
UAVs.  Of  these  UAVs,  the  RQ-1 1  Raven  appears  to  be  the  most  relevant  to  the  present 
effort  to  improve  a  UAV  using  thin-film  solar  cells  due  to  its  use  of  battery  power, 
relatively  short  flight  endurance,  and  large  numbers  of  aircraft  in  use.  Most  of  the  UAVs 
described  in  this  chapter  are  shown  in  Figure  29,  an  overview  of  the  existing  and 
projected  major  UAV  systems  in  the  United  States. 
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III.  PHOTOVOLTAICS 


A.  THEORY  OF  OPERATION 

From  as  far  back  at  the  seventh  eentury  B.C.,  solar  energy  has  been  used  to  start 
fires,  to  heat  water,  and  even  to  cook  food.  The  ability  for  solar  energy  to  be  eonverted  to 
electrieal  energy  was  found  in  1839  when  Edmond  Beequerel  discovered  the 
Photovoltaic  Effect.  Over  one  hundred  years  later,  in  1954,  the  first  silicon  photovoltaic 
(PV)  cell  was  developed  at  Bell  Eabs.  This  first  cell  was  able  to  eonvert  4%  of  the  Sun’s 
energy  into  eleetrieity  [46]. 

Prom  those  humble  beginnings,  solar  energy  has  shown  incredible  growth.  Pigure 
30  shows  the  total  worldwide  photovoltaic  production  from  1975-2007.  Solar  power  has 
become  more  popular  with  each  passing  year  due  to:  rising  fossil  fuel  energy  costs,  the 
seareh  for  renewable  energy  sources  due  to  concerns  for  the  environment,  and  the  rapidly 
deereasing  eost  of  solar  energy. 


Pigure  30.  World  Annual  Photovoltaic  Production  1975-2007  (Prom  [47]). 

Because  silicon  solar  cells  are  the  simplest  and  most  prevalent  solar  cells,  we  use 
them  as  the  foundation  for  explaining  the  photovoltaie  effect  and  factors  that  affect  solar 
cell  performance. 

1.  Semiconductors 

Solar  cells  are  p-n  junctions  like  diodes.  Pike  diodes,  they  are  usually  made  from 
silicon,  which  “makes  up  25.7%  of  the  earth's  crust  by  weight”  [48].  Silieon  is  a  Group 
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IV  semiconductor,  which  means  it  has  four  electrons  in  its  outermost  or  valence  shell. 
When  elements  like  silicon  form  regular,  rigid  structures  called  crystals,  they  “prefer”  to 
have  their  outermost  electron  shell  full.  In  crystalline  silicon,  if  it  is  pure  or  “intrinsic,” 
each  of  the  four  valence  electrons  forms  a  covalent  bond  between  an  adjacent  silicon 
atom.  These  shared  electrons  allow  each  atom  to  have  eight  in  their  valence  shell,  so  they 
are  stable.  If  some  of  the  Group  IV  silicon  is  replaced,  or  “doped”  by  a  Group  V  element 
such  as  phosphorus,  shown  in  red  in  Figure  31(a),  then  four  of  the  electrons  from  the 
phosphorous  will  form  covalent  bonds  with  the  nearest  silicon  atoms.  Since  Group  V 
elements  have  five  valence  electrons,  and  the  valence  shell  of  the  silicon  and  phosphorus 
are  now  both  full  with  eight  electrons  each,  there  is  one  remaining  electron  from  the 
phosphorus  atom.  This  “extra”  electron  is  represented  by  the  “e'”  in  Figure  31(a).  This 
material  is  now  referred  to  as  an  “n-type”  semiconductor  or  “donor”  material  as  it  easily 
gives  up  the  lightly  bound  electron. 


Figure  3 1 .  Crystal  Silicon  Doping  (From  [49]). 


A  similar  process  takes  place  in  the  creation  of  a  “p-type”  semiconductor 
material.  However,  in  this  case,  a  Group  III  material  like  Aluminum  is  used,  rather  than 
Group  V  material.  The  three  electrons  form  bonds  with  three  adjacent  silicon  atoms,  but 
one  bond  is  left  unfilled.  This  absence  of  an  electron  or  “hole”  is  a  spot  that  is  easily 
taken  by  a  free  electron  to  complete  the  valence  shell,  thus  the  semiconductor  is  seen  as 
“positive”  or  an  “acceptor”  material. 
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2. 


P-N  Junction 


One  useful  way  to  represent  semiconductors  in  solid-state  physics  is  with  “energy 
band”  diagrams.  An  energy  band  diagram  is  often  useful  in  explaining  the  operation  of 
semiconductor  devices.  Figure  32  shows  a  simple  diagram  that  compares  the  energy 
bands  of  metals,  semiconductors,  and  insulators. 


Figure  32.  Simplified  Energy  Band  Diagram  Comparison  (From  [50]). 


The  first  important  aspect  of  the  diagram  is  the  bandgap,  or  energy  gap  of  the 
material,  often  indicated  by  Eg.  This  is  an  electrical,  rather  than  physical  property,  and 
indicates  the  amount  of  energy  that  must  be  imparted  to  an  electron  in  the  valence  shell  of 
a  semiconductor  for  that  electron  to  move  to  the  conduction  band.  Conduction  band 
electrons  are  “free”  in  that  they  are  not  bound  to  an  atom.  In  an  insulator,  the  valence 
band  is  full,  and  the  conduction  band  is  empty.  It  is  relatively  difficult  to  remove  an 
electron  from  the  valence  band  of  these  atoms  when  the  bandgap  (Eg)  is  large. 

A  semiconductor  has  a  partially  filled  valence  band,  so  Eg  is  somewhere  between 
the  conductor  and  insulator.  In  metal,  or  other  conductors,  the  valence  and  conduction 
bands  are  very  narrow,  or  even  overlap,  so  electrons  can  be  easily  freed  from  the  valence 
shell.  Eigure  33  shows  the  bandgap  at  room  temperature  of  silicon  (Si),  gallium  arsenide 
(GaAs),  and  germanium  (Ge).  Ec  and  Ey  are  the  conduction  and  valence  band  energies. 

Eu=  1  12eV(Sii 
Ey  0  66e\'(iie) 

(RooiuTeui|iei;»liiie  i 

Eigure  33.  Bandgap  of  Common  Semiconductors  (After  [51]). 
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Though  energy  band  diagrams  for  semiconductors  can  be  much  more 
complicated,  simplified  energy  band  diagrams  help  us  understand  the  most  important 
aspects  for  the  current  discussion.  Aside  from  the  energy  bandgap  of  the  material,  which 
is  largely  a  function  of  the  electron  configuration  of  an  intrinsic  material,  the  Fermi  level 
is  the  most  important  parameter  of  semiconductors. 

An  in-depth  review  of  the  development  of  Fermi  levels  is  beyond  the  scope  of  this 
research.  Simply  put,  the  Fermi  level  is  drawn  from  a  probabilistic  analysis  and  provides 
a  numerical  indication  of  the  distribution  of  electron  states  within  a  material.  In  an 
intrinsic  semiconductor,  the  Fermi  level  is  centered  in  the  bandgap.  This  is  shown  by  the 
line  El  in  Figure  34(a).  The  Fermi  level  of  an  extrinsic  or  doped  semiconductor  is 
indicated  by  the  line  Ep  in  Eigure  34  (b)  and  (c).  In  short,  the  Eermi  level’s  position  in 
the  energy  gap  is  a  quick  indication  of  the  type  of  conducting  material. 

E,  E 

Kf-  - - 

»■: 

E, _ 

t,  B, 

Intiiiuac 

(a)  (b)  (c) 

Intrinsic  and  Quasi-Eermi  Levels  in  Semiconductors  (Erom  [51]). 

When  n-type  and  p-type  semiconductors  are  joined,  they  form  the  most  basic 
semiconductor  device,  the  p-n  junction,  or  diode.  When  these  two  materials  are  brought 
together  the  charge  carriers,  electrons  and  holes,  diffuse  across  the  junction,  quickly 
come  to  a  stable  quiescent  state.  This  is  shown  by  the  alignment  of  the  Eermi  levels  on 
the  energy  band  diagram  (Eigure  35).  The  resulting  “band-bending”  is  an  indication  of 
the  internal  electrostatic  field  created  within  the  device.  The  diffusion  of  charges  causes 
a  depletion  region  to  form.  The  width  of  the  depletion  region  is  analogous  to  the  height 
of  the  barrier  indicated  by  “qVbi”  on  Eigure  35.  In  order  for  the  barrier  to  be  overcome  to 
allow  current  to  flow  through  the  device,  an  external  voltage  is  applied  to  “forward  bias” 
the  p-n  junction.  Of  course,  the  reverse  is  also  true.  If  the  opposing  polarity  external 
voltage  is  applied,  it  increases  the  width  of  the  depletion  region,  or  height  of  the  barrier, 
further  inhibiting  current  flow. 


El 


Eigure  34. 
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Figure  35.  P-N  Junction  (After  [52]). 

3,  Photovoltaic  Effect 

Without  an  external  light  source,  solar  cells  conduct  like  a  diode,  indicated  by  the 
black  line  in  Figure  36.  Like  a  diode,  the  solar  cell  will  conduct  electricity  when  an 
external  voltage  of  the  correct  polarity  and  magnitude.  The  forward-biasing  of  solar  cells 
is  very  undesirable  as  they  are  meant  to  generate  photocurrent  for  a  load  when  they  are 
reverse-biased.  A  blocking  diode  is  connected  between  the  solar  cell  and  load  to  prevent 
the  cell  from  conducting  and  discharging  batteries,  or  damaging  other  loads. 


VoUage  [V] 

Figure  36.  Solar  Cell  Light-Dark  Current-Voltage  (IV)  Curve  (After  [53]). 
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The  red  line  in  Figure  36  shows  the  eurrent  of  the  solar  eell  when  it  is  illuminated. 
This  is  also  referred  to  as  the  “lighf’  current-voltage  (IV)  curve  and  shows  the  current 
that  is  being  supplied  from  the  solar  cell  as  a  result  of  the  photovoltaic  effect. 

Some  of  the  photons  that  arrive  at  a  solar  cell  are  reflected  from  the  surface. 
Others  that  enter  but  have  low  energy  will  pass  through  the  cell.  Some  of  the  photons  of 
the  correct  wavelength,  and  therefore  energy  greater  than  the  semiconductor  bandgap, 
enter  a  solar  cell,  and  are  absorbed.  Recall  that  the  bandgap  of  the  semiconductor 
material  differs  based  on  the  material  and  doping.  These  photons  impart  energy  to 
electrons,  freeing  them  from  the  valence  shell,  and  creating  an  electron-hole  pair.  The 
formation  rate  of  electron-hole  pairs  due  to  photons  is  referred  to  as  the  photogeneration 
rate.  The  internal  electric  field,  or  built-in  voltage,  causes  electrons  and  holes  to  separate 
and  move  toward  the  front  and  back  contacts  of  the  cell  and  through  the  load  to 
recombine  (Figure  37). 


Figure  37.  Energy  Band  Diagram  of  Photovoltaic  Effect  (After  [54]). 

Eigure  38  is  a  physical  representation  of  a  solar  cell  demonstrating  the  generation 
of  current  by  the  photovoltaic  effect. 
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PHOTONS 


Figure  38.  Simplified  Solar  Cell  (From  [55]). 

4,  Cell  Performance 

The  first  thing  that  affeets  a  solar  eell’s  effieieney  is  the  bandgap  (Eg)  of  the 
material  of  whieh  it  is  eonstructed.  As  shown  previously,  the  bandgap  is  determined  by 
the  intrinsie  material  and  doping  level.  Some  compounds  can  be  “tuned”  to  respond  to  a 
particular  band  of  the  solar  spectrum.  Obviously,  for  a  solar  cell  to  produce  the  greatest 
amount  of  electricity  for  a  given  illumination  level,  the  cell  material  used  should  be 
chosen  based  on  the  spectrum  of  light.  As  discussed,  the  energy  of  the  photons  (Ep) 
needs  to  be  greater  than  that  of  the  semiconductor  bandgap  (Eg)  in  order  to  be  absorbed 
to  create  an  electron-hole  pair. 


[56] 


a.  Energy  Calculations 

The  energy  of  the  incoming  photons  in  Joules  (J)  can  be  determined  using 


Ep=hv 


(3.1) 


where  v  is  the  frequency  of  the  incoming  radiation  in  Flertz  (Hz)  and  h  is  Planck’s 
constant  (6.6262  x  10'^"^  J-s).  Since  electromagnetic  energy  is  usually  referred  to  by  its 
wavelength  (/l)  rather  than  frequency,  we  do  an  easy  substitution  using  the  relationship 


(3.2) 


Where  c  is  the  speed  of  light  in  meters  per  second  (3  x  10*  m/s)  and  A  is 
the  wavelength  of  radiation  in  meters. 
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Therefore,  the  energy  of  photons  related  to  wavelength  is 


r.  he 

Ep=  — 


(3.3) 


The  bandgap  of  the  most  common  photovoltaic  cell  (Si)  is  1.12  e  For  1.79 
X  lO'^  J  (leF=1.6  X  lO'^^J).  When  substituting  into  3.3  and  rearranging,  we  find  this 
corresponds  to 


,  (6.6262  X  10''")  (3  x  lO') 

^  — - ra - 

1.79  X  lO  '^ 


=  1.1  l//m 


(3.4) 


We  know  that  Ep  needs  to  be  greater  than  Eg,  and  since  the  energy  of 
radiation  is  inversely  proportional  to  wavelength  (3.3),  the  wavelengths  of  light  that  can 
be  converted  to  electricity  by  a  silicon  solar  cell  must  be  less  than  1.11  pm. 


b.  Solar  Radiation 

Now  that  we  have  reviewed  photovoltaic  device  operation  principles,  we 
need  to  look  at  the  most  important  external  factor  in  performance,  the  Sun’s  spectrum. 
Eor  space  and  very-high  altitude  applications,  the  reference  spectrum  is  Air-Mass  Zero 
(AM  0).  This  is  the  radiation  in  space  without  atmospheric  interference  and  results  in  a 
power  density  of  approximately  1,360  watts  per  square  meter  (W/m  ).  As  shown  in 
Eigure  39,  AM  1.0  is  the  spectrum  of  light  through  one  Earth  atmosphere  when  the  Sun  is 
at  its  zenith  perpendicular  to  a  point  on  the  surface.  Since  AM  1.0  is  extremely  narrow  in 
its  applicability,  a  more  realistic  spectrum  is  used  for  comparing  solar  cells.  The  power 
density  for  AM  1.5  is  approximately  1000  W/m^  [57]. 


Eigure  39.  Solar  Spectrum  Air-Mass  Numbers  (Erom  [57]). 
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The  irradiance  of  the  Sun  is  the  radiant  power  incident  to  a  surface  per  unit 
area,  usually  measured  in  watts  per  square  meter  (W/m  ).  Figure  40  shows  the  difference 
between  AM  0,  the  upper  curve  shown  in  yellow,  and  AM  1.5,  the  lower  curve  shown  in 
red.  Aside  from  a  generally  reduced  power  across  the  spectrum  due  to  scattering  and 
absorption,  specific  bands  of  energy  are  greatly  attenuated  by  water  vapor  and  carbon 
dioxide  in  the  atmosphere.  This  is  shown  by  the  dramatic  dips  in  irradiance  called 
“Absorption  Bands.” 
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Figure  40.  Solar  Radiation  Spectrum  (From  [58]). 


c.  Characterization  of  Solar  Cells 

There  are  five  parameters  that  are  used  most  commonly  to  describe  the 
electrical  characteristics  of  a  solar  cell;  open-circuit  voltage  (Voc),  short-circuit  current 
(Isc),  maximum  power  (Pm,  Pmpp,  or  simply  MPP),  energy  conversion  efficiency  (p),  and 
fill  factor  (FF).  The  most  complete  way  to  characterize  a  solar  cell  is  through  the  use  of  a 
Current- Voltage,  or  “IV”  curve,  like  the  one  shown  in  Figure  41.  Solar  cell  performance 
is  generally  measure  under  standard  test  conditions  (STC).  This  is  defined  as  AM  1.5 
(1000  W/m^)  at  25°C  [59].  As  the  names  implies,  the  open-circuit  voltage  (Voc)  of  the 
cell  is  measured  with  an  open  circuit,  and  Isc  is  measured  with  the  terminals  of  the  cell 
electrically  shorted.  The  resistance  of  the  test  load  connected  to  the  cell  is  varied  over  the 
full  range  from  short  to  open  and  data  collected  to  characterize  the  complete  response. 
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As  shown  by  the  red  line  in  Figure  41,  the  maximum  power  from  the  eell 
is  not  equal  to  the  hypothetieal  maximum. 


Figure  41 .  Solar  Cell  IV  Curve  and  Power  (From  [60]). 

Figure  42  shows  that  the  aetual  maximum  power  from  a  solar  cell  is  less 
than  the  theoretical  maximum  power,  which  is  the  product  of  Vqc  and  Isc. 


Figure  42.  Solar  Cell  IV  Curve  Showing  Fill  Factor  (From  [61]). 


The  degree  to  which  the  actual  output  is  less,  is  known  as  the  fill-factor 
and  is  found  using  [56] 
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The  last  basic  parameter  to  describe  is  the  energy  conversion  efficiency. 
This  is  a  measure  of  the  ability  of  the  ceil  to  convert  electromagnetic  energy  of  light  or 
other  radiation  into  electrical  power  from  the  ceil.  This  is  not  a  measure  of  the  number  of 
electron-hole  pairs  that  are  produced  for  a  given  number  of  photons,  but  rather  an 
external  measurement  of  the  current  that  comes  from  the  terminals  of  the  cell,  since 
recombination  takes  place  within  the  cell  limiting  usable  current.  Maximum  efficiency  is 
found  using  [59]  [56] 


n 


I  V  FF 
P  4 

^  light 


(3.6) 


2 

where  Pught  is  the  power  of  incident  photons  (W/m  ),  and  Aa  is  the  solar  cell  aperture  area 
(m^). 


d.  Factors  Affecting  Performance 

Several  factors  can  limit  the  numbers  of  photons  that  are  absorbed,  the 
number  of  electron-hole  pairs  that  are  created,  and  the  number  of  charge  carriers  that 
“escape”  from  the  bulk  of  the  semiconductor  to  the  cell’s  contacts  and  beyond.  The  first 
significant  factor  is  reflection  that  is  shown  in  Figure  43.  In  order  to  reduce  reflection, 
texturing  and  anti-reflective  coatings  are  applied  to  the  surface.  Lost  efficiency  from 
reflection  can  be  reduced  from  as  high  as  36%  to  5%  using  these  methods  [62].  The  next 
factor,  related  to  reflection,  is  self-shading.  Some  of  the  light  that  incident  to  the  cell 
surface  is  reflected  or  absorbed  by  the  cell’s  top  conductors.  This  can  result  in  a  loss  of 
up  to  8%  of  incoming  light.  For  this  reason,  the  geometry  of  top  conductors  must  be 
optimized  to  reduce  shading  while  remaining  large  enough  to  allow  charge  carriers  to  be 
captured  before  they  recombine  within  the  semiconductor  [62]. 
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Figure  43.  Reflection  from  Surface  (a)  and  Texturing  to  Reduce  Reflection  (b)  (From 

[63]). 

Increased  temperature  is  the  second  major  loss  of  efficiency  in  cells.  This 
can  be  caused  by  increased  ambient  temperature  in  the  operating  environment  or  from 
incorrect  photon  energy.  Low-energy  photons  that  do  need  meet  the  bandgap  energy,  do 
not  create  an  electron-hole  pair,  but  can  be  absorbed  by  cell  and  converted  into  heat. 
Photons  of  energy  greater  than  the  semiconductor's  bandgap  are  more  likely  to  create  an 
electron-hole  pair,  but  the  energy  above  that  needed  for  photogeneration  is  also  converted 
to  heat. 

These  higher  temperatures  cause  greater  “lattice  vibration”  in  the 
semiconductor  crystalline  structure  which  impedes  the  flow  of  charges.  If  there  are 
greater  numbers  of  charge-carriers  created  due  to  the  heat,  there  is  an  increased  chance 
that  a  photon-created  charge  carrier  will  interact  with  a  heat-induced  charge  carrier  and 
recombine.  Electrons  and  holes  recombining  inside  the  semiconductor  reduce  the 
number  that  can  create  useful  current  outside  the  cell  [62]. 

There  are  additional  factors  that  lead  to  greater  recombination  rates  are. 
The  thickness  of  the  semiconductor  regions  must  be  considered.  There  will  be  very  little 
photocurrent  produced  if  photogeneration  rates  are  high,  but  charge  carriers  must  travel 
long  distances  through  the  bulk  to  reach  an  electrical  contact.  Material  defects  like 
impurities  and  imperfect  crystalline  structure  lead  to  “dangling  bonds,”  missing  covalent 
bonds,  which  act  as  additional  recombination  centers  within  the  bulk  of  the  cell  [62]. 
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e.  Types  of  Cells 

As  noted  previously,  different  semiconductor  materials  have  different 
bandgaps  and  therefore  respond  to  different  wavelengths  of  light.  Figure  44  shows  part 
of  the  periodic  table  of  elements  with  the  most  commonly  used  semiconductor  materials 
shown  in  blue.  The  earliest  and  most  basic  semiconductors  and  hence  solar  cells  were 
made  from  silicon  or  germanium  doped  with  a  Group  III  or  Group  V  element  to  make 
them  n  ox  p  material.  Another  common  group  of  semiconductors  are  called  III-V 
compounds,  such  as  gallium  arsenide  (GaAs),  or  Indium  Phosphide  (InP).  Lastly, 
semiconductors  and  solar  cells  can  be  made  from  more  exotic  mixes  of  elements  from  I- 
VI.  The  two  most  common  of  these  compounds  used  for  photovoltaics  are  Cadmium 
Telluride  (CdTe),  and  Copper  Indium  Gallium  DiSelenide,  commonly  referred  to  as 
CIGS  [49]. 
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Figure  44.  Periodic  Table  with  Commonly  Semiconductors  (From  [49]). 

The  most  common  material  for  solar  cells  is  silicon,  which  can  be  used  in 
three  different  forms.  The  first  is  single-crystal  silicon  (c-Si),  the  same  form  used  in 
transistors,  integrated  circuits,  and  other  common  components.  This  is  the  most 
expensive,  but  also  highest  quality  and  most  efficient  form  of  single-junction  silicon  cell. 
The  process  of  creating  c-Si  is  called  the  Czochralski  (CZ)  process.  A  picture  of  various 
sizes  of  ingots,  or  “slugs”  and  wafers  of  c-Si  and  are  shown  in  Figure  45  [49]. 
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Figure  45.  Single-Crystalline  Silieon  Ingots  and  Wafers  (From  [64]). 

Multi-crystalline  silicon  is  much  simpler  and  cheaper  to  produce.  The 
process  involves  pouring  melted  silicon  into  a  cast  and  allowing  it  to  cool. 
Unfortunately,  this  produces  many  small  crystals  of  varying  orientations.  Between  each 
of  these  crystals  are  “grain  boundaries”  (Figure  46)  which  produce  regions  of  high 
recombination  [49]. 


Figure  46.  Multi-Crystalline  Silicon  with  Grain  Boundaries  (From  [49]). 

The  last  form  of  silicon  commonly  used  in  solar  cell  production  is  called 
amorphous  silicon  (a-Si).  Amorphous  silicon  can  be  produced  very  cheaply  on  flexible 
substrates,  but  due  to  its  physical  structure  has  a  much  higher  level  of  recombination  than 
either  single  or  multi-crystalline  silicon.  Amorphous  silicon  will  be  discussed  further  in 
this  chapter  as  thin-film  silicon  cells  are  compared  for  application  to  aircraft. 
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One  of  the  most  promising  types  of  eells  in  use  today  is  the  multi-junetion 
eell.  These  eells  are  staeks  of  single  junetion  eells  layered  upon  eaeh  other.  The 
simplified  strueture  and  external  quantum  effieieney  of  an  example  of  these  is  shown  in 
Figure  47.  The  manufaeture  of  these  eells  is  mueh  more  eomplieated  and  eostly  than 
other  teehnologies,  so  their  use  has  been  somewhat  limited  to  applications  that  require 
very  high  efficiencies  such  as  satellites  and  terrestrial  concentrators.  As  shown  in  Figure 
47,  the  top  cell,  in  this  case  InGaP,  is  designed  to  absorb  blue  light,  which  has  the  highest 
energy  and  shortest  wavelength.  The  longer  wavelength  light  then  passes  through  to  the 
InGaAs  layer  where  green  light  causes  photogeneration.  The  lowest  energy  radiation 
passes  through  to  the  lowest  layer,  made  from  Ge  [65]. 
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Figure  47.  Triple- Junction  Solar  Cell  Efficiency  and  Simplified  Structure 

(From  [65]). 


B.  ADVANTAGES  OF  THIN-FILM  FOR  AIRCRAFT 

The  focus  of  this  research  is  the  application  of  thin-film  cells  to  unmanned  aerial 
vehicles  to  supplement  the  onboard  power  system,  so  the  remainder  of  this  chapter  will 
compare  the  various  types  of  thin-film  cells  to  rigid  cells  and  to  one  another.  It  is 
assumed  throughout  that  some  type  of  solar  cells  will  be  used  on  UAVs.  Since  rigid  cells 
have  been  used  almost  exclusively  in  related  research,  we  will  focus  on  the  advantages  of 
TFPV  compared  to  the  traditional  rigid  choices. 
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Though  thin-film  cells  have  low  effieieneies  eompared  to  erystalline  solar  eells, 
they  are  low  eost,  low  mass,  and  very  flexible  (Figure  48),  whieh  makes  them  very 
attraetive  for  aviation  use. 


Figure  48.  Example  of  Thin-Film  Solar  Cell  (From  [66]). 

Additionally,  in  eomparison  with  rigid,  single,  or  multi-junetion  silieon  solar 
eells,  thin-film  solar  eells  (TFSC),  or  thin-film  photovoltaics  (TFPV)  offer  the  ability  to 
eover  a  much  greater  pereentage  of  available  wing  and  fuselage  surface  area  due  to  their 
inherent  flexibility.  Provided  they  are  light  enough,  solar  cells  should  be  placed  on  as 
great  a  proportion  of  the  total  surface  area  as  possible.  In  order  for  rigid  eells  to  wrap 
around  the  eontours  of  a  wing  seetion  or  other  surfaee,  they  need  to  be  eonstrueted  or 
modified  into  smaller  pieees.  Unfortunately,  the  result  is  a  great  number  of  eells  that 
need  to  be  eonneeted,  with  eaeh  eonneeting  bus  or  wire  adding  weight  without 
eontributing  additional  power.  On  the  other  hand,  TFSC  ean  easily  eonform  to  existing 
aircraft  shapes  with  very  little  eoneern  for  the  preexisting  aerodynamies  of  the  aireraft, 
and  mueh  less  extra  wiring  than  small  rigid  eells  would  require. 

Another  important  advantage  of  thin-film  eells  is  that  they  have  a  mueh  greater 
speeifie  power  per  mass.  This  is  fundamental  to  aviation  applieations,  as  mass  is  one  of 
the  most  restrietive  parameters  for  aircraft  design  and  operations.  Compared  to  rigid 
alternatives,  lower  mass  solar  arrays  also  means  that  supporting  structures  can  be  less 
robust  whieh  yields  even  greater  weight  savings.  For  small,  less  rugged  UAVs,  the  wing 
and  fuselage  outer  skin  could  be  made  thinner  or  even  be  replaeed  by  the  eells  themselves 
as  a  eover  material. 
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Cost  is  the  final  and  perhaps  greatest  advantage  that  thin-film  arrays  present 
compared  with  crystalline  silicon  cells.  Thin-film  cells  are  cheaper  to  manufacture  than 
crystalline  Si  or  GaAs  because,  largely,  they  use  a  reduced  amount  of  raw  materials,  and 
are  manufactured  with  less  energy  through  low-temperature  deposition.  As  shown  in 
Figure  49,  second-generation  photovoltaics,  which  include  TFPV,  are  less  expensive  than 
crystalline  cells  (first  generation). 
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Figure  49.  Costs  and  Efficiencies  of  Photovoltaic  Technology  Generations  (From 

[67]). 

Third-generation  photovoltaics,  which  include  many  concepts  that  build  upon 
thin-film  technology,  should  prove  to  yield  much  greater  efficiencies  for  even  lower 
costs.  Based  on  a  June  2009  survey  of  commercially  available  cells,  the  lowest  available 
priced  crystalline  silicon  cells  are  $2.80  per  watt,  while  the  lowest  priced  thin-film  cells 
are  only  $1.76  per  watt  [68]. 

Additionally,  a  program  to  modify  existing  UAVs  would  be  less  expensive  if 
TFSC  were  used,  rather  than  rigid  cells.  As  discussed  previously,  rigid  cells  are  heavier 
for  a  given  power  provided,  so  existing  wings  and  other  structures  might  have  to  be 
replaced,  or  reinforced  to  accommodate  the  greater  weight.  The  additional  electrical 
connections  for  a  rigid  cell  configuration  would  also  require  additional  materials  and 
labor  costs. 
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C.  ALTERNATIVE  ANALYSIS 

In  order  to  determine  the  best  of  the  three  feasible  options,  an  in-depth  review  of 
the  alternatives  is  required.  This  starts  with  effieiency,  as  do  most  discussions  of  solar 
cells,  and  then  discusses  additional  characteristics  for  consideration,  such  as:  cost, 
specific  power,  drawbacks,  et  cetera. 

1.  Efficiency  Comparison  of  Alternatives 

The  three  main  available  types  of  thin-film  cells  are:  copper  indium  gallium 
diselenide  (CIGS,  Cu(Ini.xGax)Se2),  cadmium  telluride  (CdTe),  and  amorphous  silicon  (a- 
Si).  There  are  other  thin-film  technologies  that  show  promise,  such  as  organic  cells,  and 
dye-sensitizing  cells,  but  the  research  is  not  yet  as  mature  and  they  are  not  commercially 
available.  A  comparison  of  CIGS,  CdTe,  and  a-SI  follows,  to  determine  which  provides 
the  greatest  benefit  versus  rigid  solar  cell  modification  of  UAVs. 

The  first  significant  parameter  for  solar  cells  is  efficiency.  The  cell-efficiency 
determines  the  dimensions  of  the  potential  thin-film  replacement  array  compared  to  the 
smaller  size  required  for  a  more  efficient  rigid  configuration.  A  major  determining  factor 
of  a  solar  cell’s  efficiency  is  the  bandgap  of  the  semiconductor  material.  As  Figure  50 
indicates,  crystalline  silicon  cells  (shown  in  blue)  respond  to  a  wider  range  of 
wavelengths  than  the  existing  thin  film  alternatives.  Amorphous  silicon  can  harvest  more 
energy  from  the  shorter-wavelength  higher-power  blue  and  green  spectrum,  but  is 
relatively  narrow  across  the  spectrum.  CdTe  and  CIGS  have  a  broader  spectral  response 
compared  to  a-SI,  but  not  as  wide  as  c-Si. 
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Figure  50.  Spectral  Response  of  Thin-Film  Photovoltaics  and  Crystalline  Silicon 

(From  [69]). 

Table  3  shows  the  current  best  research  cell  efficiencies  of  the  three  alternatives. 
Though  these  are  research  efficiencies,  there  is  a  strong  correlation  between  the 
efficiencies  shown  and  those  of  the  commercially  available  for  the  same  technologies.  A 
recent  NREL  survey  of  efficiencies  for  production  line  solar  cells  listed  the  following 
values:  CIGS  (11.2),  CdTe  (10.8),  and  a-Si  (8.5)  [70]. 
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Table  3.  Maximum  Recorded  Efficiencies  for  Thin-Film  Solar  Cells  (From  [71]). 

As  shown  in  Figure  51,  the  latest  record-setting  cells  for  a-Si  and  CdTe  were 
produced  in  1999  and  2001  respectively.  In  addition,  both  are  below  the  efficiency  of 
CIGS,  which  has  continued  to  improve  steadily  year-by-year.  Also  of  note  is  that  single¬ 
junction  crystalline  Si  cells  have  not  seen  improvement  in  research  cell  efficiency  since 
1999,  but  multi-junction  cells  have  improved  dramatically  in  the  past  decade.  Though 
these  multi-junction  cells  have  research  efficiencies  above  40%,  it  is  important  to  note 


47 


that  this  is  under  concentration.  The  greatest  1-sun  efficiency  shown  is  33.8%,  and 
currently  used  production  multi-junction  cells  for  space  applications  have  an  average  of 
approximately  28%  [72][73]. 


Figure  5 1 .  Best  Research  Cell  Efficiencies  (From  [74]). 

2,  Amorphous  Silicon 

Amorphous  silicon  is  a  low  cost  alternative  to  traditional  silicon  cells.  It  is  a  non¬ 
crystalline  material  constructed  through  vapor  deposition.  Though  not  as  efficient,  it  is 
much  easier  to  produce,  and  requires  much  less  silicon.  Due  to  its  amorphous  nature,  it  is 
not  limited  by  the  lattice-matching  requirement  of  crystalline  silicone,  so  it  can  be  used  to 
form  multi-junction  cells  more  readily.  In  fact,  most  production  a-Si  cells  are  multi¬ 
junction  [75]. 

Amorphous  Silicon  requires  low  heat  for  deposition  and  is  inherently  flexible 
(Figure  52).  This  means  it  is  possible  to  manufacture  it  using  roll-to-roll  processes  that 
increase  throughput  and  decrease  cost.  Amorphous  silicon  can  also  be  deposited  on 
many  different  substrates  for  different  applications,  including  clear  plastic,  since  it  does 
not  require  lattice  matching,  and  has  low-heat  requirements  during  manufacture. 
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Figure  52.  Amorphous  Silicon  (From  [76]). 

Due  to  its  appeal  for  solar  aircraft  applications,  Powerfilm  Solar  has  a  product 
specifically  targeted  for  use  on  radio-controlled  airplanes  [77].  While  there  are  many 
benefits  to  using  a-Si  in  aircraft,  there  are  also  a  number  of  significant  drawbacks.  First, 
as  shown  previously,  a-Si  has  a  lower  efficiency  than  crystalline  Si,  and  is  the  lowest 
efficiency  of  either  of  the  other  thin-film  alternatives. 

The  other  significant  drawback  of  a-Si  cells  that  must  be  addressed  is  the 
Staebler-Wronski  Effect  (SWE).  Amorphous  silicon  is  commonly  referred  to  as 
“hydrogenated  amorphous  silicon”  or  “a-Si:Fl,”  due  to  the  presence  of  hydrogen,  which 
has  been  identified  as  a  key  component  in  the  efficiency  of  a-Si  cells.  This  phenomenon 
was  first  identified  in  1977,  but  there  are  still  several  different  theories  to  explain  its 
cause.  The  most  accepted  model  is  that  when  a  weak  Si-Si  bond  is  broken  through 
photo-excitation,  “back-bonded  H  atom  prevents  restoration  of  the  broken  bond  by  a 
bond  switching  event”  [78].  The  result  of  the  SWE  is  that  over  time,  when  exposed  to 
light,  a-Si  can  lose  up  to  25%  of  its  conversion  efficiency.  This  does  not  affect  either  of 
the  remaining  alternatives,  CdTe  or  CIGS. 

3,  Cadmium  Telluride 

Cadmium  Telluride  is  a  very  promising  material  for  use  in  TEPV,  but  also  has 
some  significant  technical  hurdles  to  overcome  for  continued  improvement.  CdTe  is  a 
direct  bandgap  material  and  has  a  very  high  absorption  coefficient.  The  bandgap  of  CdTe 
is  -1.5  eV  which  is  nearer  to  the  Shockley-Queisser  theoretical  maximum  efficiency 
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point  (1.4  eV)  than  either  a-Si,  or  CIGS  [71].  As  previously  shown  in  the  Table  3,  and 
Figures  51,  the  effieieney  of  CdTe  is  better  than  that  of  a-Si,  though  not  as  good  as  CIGS. 
The  eost  of  CdTe  eells  is  eompetitive  with  that  of  a-Si,  and  better  than  CIGS  [71]. 


Figure  53.  Theoretieal  Solar  Cell  Maximum  Effieieney  (From  [59]). 

Though  CdTe  is  eurrently  being  produeed  in  relatively  large  quantities,  there  are 
several  drawbaeks  to  pursuing  it  for  future  spaee  applieations.  As  seen  in  Figure  51, 
researeh  effieieney  improvements  have  plateaued.  This  is  largely  due  to  sealed-baek 
investment  in  CdTe  innovation.  There  has  been  an  ongoing  debate  waged  largely  in 
Europe  regarding  the  safety  of  Cd  in  the  manufaeture  of  solar  eells.  Cadmium  is  a  toxie 
substanee  suspeeted  as  a  eareinogen,  but  the  NREE  among  others  have  eoneluded  that  the 
publie’s  pereeption  of  the  hazard  posed  is  mueh  greater  than  that  whieh  is  realistieally 
posed.  Though  this  may  be  so  in  most  applieations  sueh  as  spaee,  or  fixed  terrestrial 
sites,  it  may  be  of  greater  eoneern  for  applieation  to  small  UAVs  as  they  will  be  handled 
frequently  and  probably  suffer  damage  in  an  operational  environment.  Another  material 
related  eoneern  in  regards  to  CdTe  is  the  relative  seareity  of  Tellurium.  A  surge  in 
produetion  would  drive  up  demand,  whieh  eould  eause  the  priee  to  inerease  [79].  The 
last  signifieant  issue  with  improvement  of  CdTe  eells  is  effieient  earrier  extraetion.  As 
shown  in  Eigure  54,  the  top  eleetrode  is  in  eontaet  with  the  CdTe.  Unfortunately,  there  is 
no  metal  with  a  work  funetion  to  mateh  properly  the  bandgap  of  CdTe.  There  are 
methods  to  implement  intermediate  layers  to  provide  better  matehing  and  transport,  but 
they  tend  to  deerease  the  overall  deviee  performanee  and  stability. 
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Figure  54.  Typical  Configuration  for  a  CdTe  Cell  (From  [71]). 

4,  Copper  Indium  Gallium  Diselenide 

The  last  production  model  TFSC  to  consider  is  CIGS.  As  shown  previously, 
CIGS  has  the  best  overall  efficiency,  and  has  shown  continued  improvement.  Compared 
to  rigid  alternatives,  CIGS  is  also  very  lightweight  and  flexible,  as  shown  in  Figure  55. 
For  these  and  other  reasons  detailed,  CIGS  is  the  best  current  option  to  supplant  rigid 
single  or  multi-junction  silicon  cells  for  future  solar  UAV  designs. 


Figure  55.  Roll-to-Roll  Manufacture  of  CIGS  Solar  Cells  (From  [80]). 

5,  Emerging  Alternatives 

The  emerging  technologies  of  organic  cells,  dye-sensitizing  cells,  and  thin  multi¬ 
junction  cells  among  others  all  show  promise  but  are  not  currently  viable  alternatives  for 
widespread  UAV  use. 

D.  SELECTED  THIN-FILM  TECHNOLOGY 

Copper  indium  gallium  diselenide  (CIGS)  is  the  best  option  for  use  in  unmanned 
aircraft  and  other  aerospace  applications.  As  shown  previously,  it  has  the  greatest 
research  and  production  cell  efficiency  amongst  the  thin-film  alternatives,  and  continues 
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to  improve  annually.  Copper  indium  selenide  (eommonly  CIS)  was  initially  used  in  thin- 
fdm  eells,  with  a  bandgap  of  approximately  1 .04  eV,  but  it  was  found  that  by  substituting 
gallium  for  a  portion  of  indium,  the  bandgap  could  be  engineering  to  1.67  eV.  This 
means  that  theoretically  CIGS  bandgap  could  be  adjusted  to  the  Shockley-Queisser  limit 
for  optimal  power  output.  However,  the  engineered  bandwidth  of  CIGS  is,  in  practice 
limited  to  1.3-1 .4  eV  since  the  lattice  mismatch  between  the  CIGS  and  CdS  layers, 
shown  in  Figure  56,  becomes  too  great  above  this  point  [81]. 


Figure  56.  Typical  CIGS  Construction  (From  [81]). 

Another  significant  advantage  of  CIGS  for  UAV  application  is  that  it  is  very 
lightweight,  and  potentially  much  lighter.  CIGS  has  the  highest  specific  energy  of  any 
solar  cell,  achieving  559  W/kg  on  titanium  substrate  and  919  W/kg  on  polyimide. 
Because  CIGS  is  manufactured  through  vapor  deposition  at  lower  temperatures  and  using 
roll-to-roll  techniques,  it  can  be  made  cheaply  and  on  many  different  substrates  [82].  For 
some  applications  titanium  or  stainless  steel  substrates  can  be  used  for  greater  strength, 
conductivity,  or  shielding.  In  other  instances,  where  weight  and  flexibility  need  to  be 
optimized,  polyimide  would  be  the  best  option. 
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Steel 

Figure  57.  Efficiency  of  Thin-Film  CIGS  on  Various  Substrates  (From  [82]). 

CIGS  cells  typically  contain  a  small  amount  of  the  toxin  cadmium  in  the  CdS 
layer  that  forms  the  junction  with  the  CIGS.  Fortunately,  no  carriers  are  produced  in  the 
CdS,  so  it  can  be  made  as  thin  as  possible  to  permit  greatest  number  of  photons  to  pass 
into  the  CIGS  layer. 

Because  CIGS  is  relatively  easy  to  bandgap  engineer  and  manufacture,  it  shows 
the  greatest  promise  for  continued  improvement  in  efficiency  and  specific  power.  Figure 
58  shows  that  CIGS  can  be  doped  with  higher  levels  of  gallium  nearer  the  back  contact. 
The  resulting  increase  in  the  conduction  band  level  creates  a  field  that  reduces 
recombination.  Improvements  in  this  process  will  spur  the  development  of  even  thinner 
CIGS  layers  as  recombination  losses  are  controlled  [81]. 


Figure  58.  Graded  Bandgap  by  Varying  Ga  Ratio  in  CIGS  (From  [81]). 
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E,  CHAPTER  SUMMARY 

In  this  chapter,  we  reviewed  basic  semiconductor  theory;  how  semiconductors  are 
tailored  for  specific  functions.  Next,  we  looked  at  how  solar  cells  are  constructed  from  p- 
n  junctions,  including  the  physieal  and  energy-band  description  of  the  photovoltaie  effect. 
We  compared  the  more  common  rigid  crystalline  solar  cells  to  flexible  thin-film  cells, 
and  compared  each  of  three  TFSC  to  each  other:  a-Si,  CdTe,  and  CIGS.  After  further 
review  of  some  of  the  advantages  and  disadvantages  of  eaeh  of  these  teehnologies,  we 
explained  why  CIGS  thin-film  solar  cells  would  be  the  best  choice  for  a  high-effieiency, 
low-eost  modifieation  of  existing  UAVs,  like  the  RQ-1 1  Raven. 
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IV.  POWER  INTEGRATION 


A.  OVERVIEW 

In  addition  to  adding  solar  cells  to  existing  UAVs,  it  is  important  to  consider  the 
most  effieient,  cost-effective  way  for  the  power  from  those  cells  to  be  stored  and  used. 
This  chapter  will  review  some  of  the  components  and  methods  for  coupling  and  using 
power  in  order  from  the  solar  cells,  through  additional  circuits,  to  the  motor,  battery,  or 
other  load. 

It  is  prudent  to  review  energy  conversion  devices  before  delving  into  the  speeifics 
of  power  integration.  Small  UAVs  (SUAVs)  like  our  target  model,  the  RQ-11  Raven, 
operate  on  battery  power.  They  use  onboard  circuitry  to  connect  the  battery  to  the  motor; 
monitor  the  battery  voltage;  and  power  servos,  transmitter,  receivers,  cameras  and  other 
payloads.  The  power  source,  a  battery,  converts  stored  ehemical  energy  to  electrical 
energy  for  use  by  onboard  eleetronics  and  for  eonversion  to  mechanieal  energy  by  the 
motor.  As  Table  4  indieates,  the  conversion  from  stored  chemieal  energy  to  eleetrieal 
energy  is  about  90%  efficient. 


Energ}  C  oin  ersion  Do  ice 

Eiiergs  Cons  ers  ion 

Tspical 
EtTiciency.  “  o 

Electric  heater 

Electneiri’  Themvil 

100 

Hair  drier 

Eleetricits  Themvil 

100 

Electric  acnerator 

Mechanical  Electricitv 

95 

Electric  motor  (larEc) 

Electricits'  Mechanical 

90 

Batterv 

Cliemical  ElectnciU 

90 

Steam  boiler  (pinver  plant) 

Chemical  lliennal 

85 

Home  aas  tlimace 

Chemical  Themial 

85 

1  lome  oil  furnace 

CTienucal  Tlieniial 

65 

Electric  motor  (small) 

ElecCricits  Meclianical 

65 

Home  ctxil  furnace 

Chemical  Themial 

Steam  turhute 

Themial  Meclianical 

45 

Gas  turbine  (aircraft) 

Chemical  .Mechanical 

35 

Gas  turbine  (industrial) 

Chemical  Mecliiuiical 

.30 

•Automobile  eiisme 

Cheiiucal  Mechanical 

25 

Fluorescent  Lamp 

Electriciw  Lieht 

20 

Silicon  solar  cell 

StilarElairicia 

15 

Steam  locomotise 

Chemical  Mechanical 

10 

Incandescent  lamp 

Electnciri  Licht 

5 

Table  4.  Effieiencies  of  Common  Energy  Conversion  Devices  (Erom  [83]). 
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As  noted,  battery-powered  aireraft  must  eonvert  ehemieal  energy  to  eleetrieal 
energy  (battery)  then  to  meehanieal  energy  (motor  and  gearbox).  Aeeording  to  the 
average  eonversion  efficieneies  for  these  proeesses,  10%  of  the  stored  energy  is  lost  when 
eleetrieal  energy  is  extraeted  from  the  battery,  and  another  10%  lost  at  the  motor. 
Therefore,  if  100  watts  are  stored,  only  81  watts  are  produeed  at  the  output  of  the  motor. 
This  does  not  take  into  aeeount  additional  loses  in  wiring,  regulation  and  eontrol  eireuits, 
or  other  meehanieal  eoupling  sueh  as  gearboxes. 

For  a  solar  UAV  modifieation,  taking  into  aeeount  these  eonversion  losses,  it  is 
extremely  important  to  eonsider  how  to  extraet  the  greatest  power  from  the  solar  eells  and 
how  to  best  eouple  it  to  the  load(s).  Onee  the  eleetrieal  energy  from  the  solar  eells  is 
properly  eonverted  and/or  regulated  it  should  be  used  to  direetly  power  the  load(s)  if 
possible.  Otherwise,  large  pereentages  of  the  eolleeted  solar  energy  eould  be  lost  in 
eonversion,  negating  potential  benefits. 

For  example  if  CIGS  solar  eells  are  eonneeted  in  series  so  that  they  only  charge 
the  battery  directly,  they  will  convert  approximately  10%  of  the  Sun’s  energy  to 
electricity.  There  will  be  a  10%  efficiency  loss  in  charging  the  battery,  another  10%  loss 
when  extracting  power  from  the  battery,  and  another  10%  loss  in  the  final  mechanical 
conversion.  So  if  the  solar  cells  are  applied  to  a  large  wing  area  of  1  m  the  sun  will 
provide  1000  W  (AM  1.5),  but  only  about  73  watts  of  mechanical  energy  will  be 
produced. 

1000  W  X  0.1  X  0.9  X  0.9  x  0.9  =  72.9  W  (4.1) 

Conversely,  if  the  solar  cells  are  connected  in  parallel  with  the  battery,  they  can 
power  the  motor  directly.  This  would  result  in  a  theoretical  power  of 

1000  Wx  0.1  X  0.9  =  90  W  (4.2) 


B.  SOLAR  ARRAYS 

Solar  cells  are  almost  never  used  individually,  but  rather  they  are  wired  in  panels 
or  arrays  to  “build-up”  the  voltage  or  current  to  a  usable  level  (Figure  59).  One  of  the 
important  solar  design  consideration,  discussed  in  chapter  111,  is  the  need  to  protect  the 


56 


solar  cells  from  forward  biasing.  For  this  reason,  “bloeking”  diodes  are  used,  whieh 
prevents  batteries  from  diseharging  through  the  solar  eells  rather  than  the  load  (Figure 
59). 
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Figure  59.  Solar  Array  with  Bloeking  and  Bypass  Diodes  (After  [84]). 

This  figure  also  shows  the  last  important  element  in  solar  array  design,  the  use  of 
“bypass”  diodes.  These  diodes  are  used  to  eombat  the  effeets  of  “shading”  or  panel 
malfunetion.  Solar  arrays  like  that  in  Figure  59  eonneet  multiple  eells  or  panels  in  series 
to  ereate  a  higher  voltage.  The  main  eoneern  with  this  eonfiguration  is  that  when  one  of 
the  eells  is  shaded,  the  eurrent  through  all  of  the  eells  is  severely  redueed  or  even 
eliminated.  A  diode  in  parallel  with  eaeh  of  the  panels  allows  eurrent  to  still  flow,  though 
the  voltage  is  redueed  by  the  amount  of  the  lost  eell  and  the  amount  dropped  by  the 
diode.  This  is  taken  into  aeeount  when  designing  the  system. 

C.  SOLAR  POWER  OPTIMIZER 

Solar  eells  produee  different  amounts  of  eurrent  and  voltage  depending  on 
ambient  sunlight  (irradianee),  angle  of  ineidenee,  temperature,  internal  and  external 
resistanee,  and  a  number  of  other  faetors.  The  two  prineiple  determinants  of  varying 
solar  eell  output  are  temperature  and  irradianee.  These  have  previously  been  diseussed  in 
Chapter  III.  Figure  60  shows  how  both  of  these  faetors  impaet  the  output  power. 
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One  of  the  effects  of  higher  temperatures  is  greater  light  absorption,  which 
slightly  increases  short-circuit  current.  However,  the  decrease  in  voltage  far  outweighs 
the  increase  in  current.  Higher  temperatures  impart  greater  energy  to  the  electrons  within 
the  semiconductor  crystalline  structure.  Thus,  they  are  essentially  easier  to  free  from  the 
valence  shell  because  the  added  heat  has  imparted  to  them  greater  energy.  The  voltage  of 
solar  cells  is  driven  by  the  energy  bandgap  of  the  semiconductors,  so  when  added  heat 
reduces  the  bandgap,  the  voltage  decreases  [85].  The  solid  I-V  curve  lines  in  Figure  60 
show  this  effect.  The  loss  of  efficiency  due  to  temperature,  known  as  “temperature 
coefficient”  of  CIGS  solar  cells  is  approximately  -.04%/°C.  [82] 
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Figure  60.  Temperature  and  Irradiance  Effect  on  I-V  Curve  (From  [86]). 

Irradiation  is  the  most  significant  cause  of  variation  in  solar  cell  output  power. 
The  dashed  lines  in  Figure  60  show  the  effect  of  reduced  irradiation.  This  effect  is  much 
simpler  to  understand;  the  output  of  a  solar  cell  decreases  when  the  incident  radiation 
decreases.  This  decrease  can  be  due  to  the  movement  of  the  sun,  environmental  factors 
like  clouds,  airborne  dust,  natural  shading,  and  in  the  case  of  this  research,  movement  of 
the  solar  cells  themselves. 
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Ideally,  a  solar  cell  will  be  operated  under  constant  radiation  from  a  perpendicular 
source  at  a  set  distance,  but  that  is  not  realistic.  Terrestrial  solar  cells  produce  uneven 
power  due  to  many  factors.  The  number  of  hours  of  sun  and  intensity  of  the  light  varies 
with  the  seasons,  obviously  more  so  in  locations  further  from  the  equator.  In  locations 
near  the  equator,  there  is  significant  irradiance  for  nearly  twelve  hours  a  day.  In  more 
northern  latitudes,  such  as  in  Kabul  Afghanistan  (34.3°N),  the  amount  of  sun  per  day 
varies  from  over  twelve  hours  during  the  summer  to  eight  in  the  winter.  Though  on 
average  the  sun  shines  for  twelve  hours  per  day,  the  average  intensity  of  the  light  is  lower 
further  from  the  equator.  Figure  61  is  a  map  that  shows  the  world  average  solar 
“insulation”  (incident  solar  radiation).  Obviously,  the  earth’s  atmosphere  has  a  big 
impact  on  insulation;  otherwise,  the  map  would  show  uniform  bands  of  strengthening 
intensity  from  the  poles  to  the  equator. 
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Figure  61.  Average  Annual  Ground  Solar  Energy  1983-2005  (From  [87]). 

For  a  ground  solar  installation,  the  best  way  to  adapt  to  changing  angles  of 
incidence  is  to  use  a  solar  tracking  array.  Tracking  systems  are  obviously  more 
expensive  initially.  For  fixed  terrestrial  installations,  solar  arrays  are  angled  to  optimize 
solar  power  throughout  the  year.  As  shown  in  Figure  62,  the  amount  of  power  generated 
by  a  solar  array  increases  significantly  when  panels  are  installed  on  a  favorable  angle. 
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Figure  62.  Daily  Solar  Insolation  at  34°N  Latitude  with  Solar  Array  Angled  at  0°  (a), 

and  29°  (b)  (After  [49]). 

In  order  to  convert  the  greatest  proportion  of  light  into  electricity,  solar  panels  are 
often  installed  with  optimizing  circuits  called  maximum  power  point  trackers  (MPPT)  or 
Photovoltaic  Power  Converters  (PVPC).  We  will  use  the  more  common  MPPT  during 
our  discussion. 

The  MPPT  is  primarily  a  DC-DC  converter  that  permits  the  solar  cells  to  operate 
at  their  maximum  solar  conversion  efficiency.  It  then  converts  the  voltage  to  a  necessary 
level  to  power  the  load.  The  MPPT  should  have  its  output  voltage  set  for  the  battery  or 
other  load  that  is  connected,  but  should  accept  input  voltages  over  a  relatively  wide 
range. 

As  shown  in  Figure  60,  the  voltage  and  current  of  a  solar  cell  can  vary  widely 
depending  on  irradiance  and  temperature.  This  means  that  for  a  UAV  or  other  aircraft 
installation,  the  maximum  power  point  of  the  cells,  (Pmpp)  will  change  continuously.  This 
variation  will  be  significant  compared  to  terrestrial  installation  due  to  ever  changing 
angles  of  incidence,  altitude,  and  convection  cooling  (from  wind  across  the  aircraft  in 
flight).  As  with  other  solar  installations,  without  an  MPPT  the  solar  cells  on  a  UAV  will 
be  forced  to  operate  at  the  battery  voltage  [88]. 

Figure  63  shows  the  I-V  curve  for  a  Global  Solar  12-watt  solar  battery  charger 
connected  directly  to  an  11.1  V  lithium  polymer  (LiPo)  battery.  Lithium  polymer 
batteries  will  be  discussed  later  in  this  chapter,  and  the  configuration  for  Figure  63  will  be 
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discussed  in  “design”  in  Chapter  V.  The  normal  operating  voltage  range  for  an  11.1  V 
Lithium  polymer  battery  (9.5-12.5  volts)  is  superimposed  on  this  figure  to  demonstrate 
the  operating  point  of  the  solar  eells  if  not  eorreeted  by  an  MPPT. 

Two  temperature  eurves  are  displayed  in  Figure  63,  each  with  three  significant 
points  highlighted.  The  blue  line  represents  the  I-V  eurve  of  the  solar  array  under 
standard  test  eonditions  (1000  W/m  ,  25°C).  Points  (1)  and  (2)  are  the  operating  power 
points  (Pop).  If  the  battery  is  being  diseharged  while  the  solar  eells  are  eonneeted,  sueh  as 
by  a  motor  or  other  load  while  in  flight,  the  Pop  will  start  at  (2),  and  move  to  point  (1)  as 
the  battery’s  voltage  deereases.  The  initial  Pop  will  be  approximately  10.6  W  and  drop  to 
around  9  W.  The  average  power  drawn  from  the  solar  array  over  the  battery  diseharge 
cyele  will  be  approximately  10  W.  Compare  this  to  the  maximum  power  point  of 
approximately  1 1.25  W.  Lightweight  MPPTs  have  been  designed  to  operate  at  up  to  96% 
effioieney  [5],  but  for  the  sake  of  this  diseussion,  we  will  use  the  power  eonsumption  of 
the  speeifie  MPPT  used  in  the  proof-of-eoneept  testing  (Chapters  V  and  VI).  If  the 
MPPT  inereases  the  power  from  the  solar  eells  by  1.25  W  and  eonsumes  0.25  W,  the  net 
gain  is  1  W,  or  10%. 


Figure  63.  Maximum  Power  Point  and  Operating  Power  Points  at  25°C  and  62°C 

(After  [89]). 
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The  second  line  in  Figure  63  shows  the  I-V  curve  of  the  solar  cells  operating  at 
62°C,  as  will  be  shown  subsequently,  this  is  much  higher  than  measured  temperatures 
during  experimentation.  The  Pmpp  in  this  case  falls  between  the  two  Pop  (3)  and  (4).  The 
difference  between  the  maximum  power  and  the  operating  power  over  this  range  is  only 
about  0.17-0.27  W,  so  the  same  MPPT  would  not  be  beneficial,  so  a  more  efficient 
model  such  as  the  one  used  in  Sky-Sailor  should  be  used  [5]. 

In  micro  or  small  UAVs,  the  added  weight  of  the  MPPT  is  often  not  justified  by 
the  increased  solar  efficiency.  In  that  case,  careful  attention  must  be  paid  to  matching  the 
solar  cell  voltage  to  the  battery  voltage.  This  may  lead  to  less  than  optimal  solar  cell 
coverage  of  the  surface  area. 

Other  important  roles  played  by  a  well-designed  MPPT  are:  DC-DC  conversion, 
voltage  regulation,  and  charge  control.  These  functions  can  all  be  incorporated  on  a 
single  circuit  board  or  module  for  weight,  energy,  and  cost  savings. 

1.  DC-DC  Converter 

Even  without  an  MPPT,  a  DC-DC  converter  may  be  necessary  to  provide  an 
interface  between  the  solar  cells  and  battery  or  load.  This  is  most  likely  due  to  restrictive 
geometry  of  the  available  aircraft  surfaces  compared  to  the  solar  sizes.  If  solar  cells 
cannot  be  resized  to  put  a  greater  number  in  series,  the  output  voltage  may  be  lower  than 
that  of  the  battery.  In  this  case,  they  will  never  provide  additional  power  so  a  converter  is 
needed  to  raise  the  voltage. 

2,  Voltage  Regulator 

Depending  on  the  sensitivity  of  the  battery  and  other  connected  electronics, 
voltage  regulation  will  be  more  or  less  important.  If  a  DC-DC  converter  is  used,  voltage 
regulation  should  be  inherent  in  the  design.  A  smooth,  stable  voltage  from  the  solar  cells, 
MPPT,  or  converter  will  help  prevent  damage  from  voltage  ripple  or  spikes  and  reduce 
noise  in  the  system. 
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3,  Charge  Control 

To  prolong  battery  life  and  prevent  damage  or  accidents,  recharging  must  be 
monitored  and  controlled.  The  most  commonly  used  batteries,  variations  of  lithium  ion, 
must  be  charged  safely  through  control  of  the  charging  current  and  maximum  voltage. 
There  are  also  several  different  methods  for  charging  lithium  ion  cells  that  must  be 
selected  based  on  the  application  [90]. 

Lithium  Polymer  batteries,  like  those  used  in  the  RQ-1 1  Raven,  are  manufactured 
in  cells  of  3.7  volts  each.  In  general,  they  should  not  be  charged  to  greater  than  4.2  V  per 
cell,  or  allowed  to  discharge  to  less  than  3.0  V.  Therefore,  in  the  example  configuration 
discussed,  an  11.1  V  Li-Po  battery  is  made  from  three  cells  of  3.7  V  wired  in  series.  This 
Li-Po  pack  should  be  charged  to  no  greater  than  12.6  V  (4.2  V  x  3  cells),  and  discharged 
to  no  less  than  9.0  V  (3.0  V  x  3  cells). 

Cell  balancing  is  another  important  consideration  for  Li-Po  batteries.  These 
battery  packs  normally  have  a  “tapped”  connector  that  permits  monitoring  and  balancing 
of  individual  cells.  As  previously  stated,  Li-Po  cells  have  an  upper  and  lower  voltage, 
which  should  not  be  exceeded.  Deep  discharging,  below  the  critical  voltage  of  3.0  V  per 
cell  can  damage  the  cell  and  limit  its  performance.  It  is  even  more  critical  to  prevent 
over-charge.  If  4.2  V  per  cell  is  exceeded,  the  battery  can  catch  fire,  or  explode  [91]. 

4,  Previous  Designs 

Dr.  Noth  developed  an  excellent  MPPT  design,  shown  in  Figure  64,  for  use  in  his 
Sky- Sailor  project. 
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Randyll  Fernandez  tested  a  promising  lightweight  design,  the  PVPC  from  Atira 
Technology  at  the  Naval  Postgraduate  School.  This  small  circuit  did  not  require  external 
microprocessor  control  lines,  and  increased  power  from  solar  cells  by  55%  in  one  day¬ 
long  test,  and  by  197%  in  a  second  [92], 

D.  BATTERIES 

This  research  is  focused  on  improving  Small  UAVs  through  the  integration  of 
solar  cells.  As  shown  in  Chapter  II,  primary  (single  use),  or  more  often  secondary 
(rechargeable)  batteries,  power  these  man-packable  aircraft.  The  following  excerpt  from 
the  2005  UAS  Roadmap  describes  the  primary  challenges  of  electric  UAVs: 

Recent  improvements  in  the  ability  to  recharge  lithium-based  batteries 
have  resulted  in  signihcant  logistics  improvements  for  users  in  the  field. 

Further  improvements  are  needed  in  power-to-weight  ratios  for  the  next 
generation  of  batteries  to  improve  the  performance  and  endurance  of  these 
small  platforms  on  a  single  charge.  Currently,  most  battery  operated 
MAV  have  a  fraction  of  an  hour  of  endurance,  while  mini-UA  fair  only 
slightly  better,  only  because  they  can  carry  larger  numbers  of  the  same 
lithium-based  batteries.  [93] 

Though  energy  density  improvements  continue,  as  Figure  65  demonstrates, 
batteries  still  cannot  rival  the  non-reversible  energy  storage  provided  by  liquid  fuels  such 
as  gasoline. 


specific  energy  density  [Wh/Kgl 


Figure  65.  Specific  Energy  Density  and  Peak  Power  of  Energy  Storage  Methods 

(Erom  [5]). 
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1,  Lithium-ion  and  Lithium-Polymer  Batteries 

Batteries  are  normally  eomprised  of  two  dissimilar  metals  serving  as  the  anode 
and  cathode  separated  by  an  electrolyte.  Lithium-ion  (Li-ion)  batteries  have  been  the 
standard  chemistry  used  in  military  and  consumer  electronics  for  some  time  now.  In 
these  batteries,  lithium  ions  move  between  the  anode  and  cathode  during  discharge  and  in 
the  reverse  during  charge.  Lithium-polymer  batteries  are  an  improved  version  of  lithium 
ion  that  uses  a  polymer  gel  rather  than  a  liquid  for  the  electrolyte.  This  type  of  battery 
has  several  advantages  over  other  commonly  used  types  such  as  lead  acid,  nickel 
cadmium  (Ni-Cd),  and  nickel  metal  hydride  (Ni-mh)  [5],  [94]. 

In  general,  lithium-ion  batteries  have  three  distinct  advantages  over  pre-existing 
chemistries.  The  first  is  that  they  do  not  develop  a  “memory”  like  other  batteries. 
Essentially,  they  can  be  charged  and  recharged,  to  any  level  within  their  normal  operating 
range,  without  concern  for  reduced  performance.  Prior  technologies  have  required 
complete  discharge,  or  “deep  cycling,”  to  maintain  performance.  Li-ion  batteries  do  not 
need  to  be  “deep  cycled”;  in  fact  it  damages  the  battery  [94]. 

Low  self-discharge  is  the  second  big  improvement  of  Li-ion  batteries  compared  to 
other  types.  When  batteries  are  in  storage,  or  otherwise  not  used  they  lose  some  of  their 
charge.  The  rate  at  which  this  self-discharge  occurs  depends  on  the  storage  conditions 
and  the  battery  chemistry.  For  Li-ion  batteries  this  can  be  5%  per  month  or  lower,  while 
Ni-Cd  cells  can  lose  10%  per  month  and  Ni-mh  cells  can  lose  30%  [94]. 

The  last  major  improvement  is  in  the  battery’s  voltage  and  energy  density.  Li- 
ion’s  voltage  is  nominally  3.7  V,  while  the  voltage  in  Ni-mh  and  Ni-Cd  is  only  about  1.2 
V  [5].  Figure  66  shows  a  comparison  some  commonly  used  batteries.  Note  that  Fi-ion 
batteries  far  exceed  the  previous  technologies  in  energy  density  per  volume  and  weight. 
This  makes  them  the  obvious  choice  for  battery-powered  UAVs  as  well  as  many  other 
military  and  consumer  applications.  The  RQ-11  uses  lithium-polymer  batteries,  which 
typically  have  20%  greater  energy  density  than  Fi-ion  and  are  much  lighter.  Fithium- 
polymer  batteries  use  flexible  foil  casings  rather  than  rigid  metal.  This  makes  them 
lighter  and  gives  greater  flexibility  in  the  application  design. 
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Li-S  vs.  Other  Cell  Chemistries 


Figure  66.  Specific  and  Volumetric  Energy  Density  of  Common  Battery  Types 

(After  [95]). 

2,  Lithium-Sulfur  Batteries 

As  Figure  66  shows,  a  newer  battery  chemistry,  lithium-sulfur  (Li-S)  has  a  much 
higher  specific  energy  density  than  Li-ion  or  Li-po.  Li-S  batteries  with  a  specific  energy 
of  350  Wh/kg  were  used  in  the  record-setting  solar  UAV  flight  of  QinetiQ’s  Zephyr  [96]. 

Not  only  have  these  batteries  been  used  for  an  experimental  FIALE  UAV,  but  they 
have  also  been  used  as  a  replacement  for  the  Li-po  battery  in  the  Raven  during  a  test. 
Using  these  Li-S  batteries,  an  RQ-11  that  normally  flies  for  60-90  minutes,  flew  for 
nearly  seven  hours.  This  incredible  improvement  is  due  to  the  higher  specific  energy  of 
the  Li-S  pack,  which  boasts  260  Wh/kg  compared  to  155  Wh/kg  with  the  existing  Li-po 
pack  [95]. 

Lithium-sulfur  batteries  still  have  some  drawbacks,  such  as  greater  volume  for  a 
given  energy  compared  to  Li-po  batteries.  However,  as  Figure  66  shows,  as  the 
technology  matures,  much  greater  performance  is  expected.  One  certainty  is  that, 
regardless  of  the  specific  emerging  technology,  battery  energy  density  is  continuing  to 
improve  at  a  rapid  pace. 
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E, 


CHAPTER  SUMMARY 


In  this  chapter,  we  looked  at  the  most  significant  power  considerations  for  a  solar 
UAV  implementation.  First,  we  examined  power  conversion  systems  and  efficiencies, 
and  noted  the  importanee  of  minimizing  energy  conversion  losses  in  system  design. 
Next,  we  described  solar  arrays  in  general,  including  two  important  design  elements,  the 
bloeking  and  bypass  diodes.  Then  we  detailed  some  of  the  eauses  of  varying  power  from 
solar  cells,  such  as  reduced  irradiance  due  to  latitude  and  angle  of  incidence,  and 
explained  the  need  for  power  optimization  using  an  MPPT.  We  also  included  some  of 
other  functions  that  should  be  included  in  a  well-designed  MPPT,  like  voltage  regulation, 
DC-DC  conversion,  and  charge  control  to  prevent  damage  to  the  battery  or  load.  Lastly, 
we  talked  about  batteries,  from  a  functional  description,  to  current  technology  used  in 
UAVs  (Li-po),  to  potential  improvements  using  Li-S. 
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V.  DESIGN  AND  ASSEMBLY 


As  previously  stated,  the  goal  of  this  researeh  is  to  determine  the  praetieality  of 
applying  eommereially  available  thin-film  photovoltaie  eells  to  Unmanned  Aerial 
Vehieles  to  inerease  their  enduranee,  and/or  eapabilities.  Aeeording  to  the  latest  Defense 
Department  foreeast,  “...key  teehnologies  that  will  enable  future  UAS  inelude 
lightweight,  long  enduranee  battery  and/or  alternative  power  teehnology. . .”  [1]. 

We’ve  presented  a  history  of  solar  flight,  looked  at  unmanned  flight  through  the 
years,  and  ehosen  the  RQ-1 1  Raven  as  the  eurrent  U.S.  aireraft  best  suited  for  testing.  We 
then  gave  baekground  on  photovoltaie  fundamentals,  deseribed  thin-film  alternatives  to 
rigid  silieon,  and  deeided  on  CIGS  eells  as  the  best  ehoiee  among  the  three  eommereially 
available  options.  Next  we  deseribed  some  of  the  important  eonsiderations  for  intailing 
solar  eells,  ineluding  optimization. 

With  baekground  firmly  established,  the  next  phase  was  to  integrate  solar  eells  on 
a  proof-of-eoneept  aireraft  for  testing.  Testing  was  eondueted  during  many  of  the 
assembly  stages  deseribed  in  the  following  seetions.  That  experimentation  will  be 
diseussed  in  Chapter  VI. 

A,  CONSTRAINTS 

Time  and  funding  were  major  eonstraints  to  this  researeh.  Mueh  of  the  early 
work  on  this  projeet  devoted  to  establishing  eontaet  with  potential  stakeholders  within  the 
Serviees,  and  a  vain  seareh  for  sponsorship.  Unfortunately,  the  testing  eonditions 
envisioned  were  impraetieal  due  to  laek  of  signifieant  funding  and  eompressed 
experimentation  timeline  eaused  by  material  delays.  Some  of  the  speeifie  ehallenges  to 
ideal  testing  eonditions  will  be  addressed  in  the  following  seetions. 

B,  AIRCRAFT 

The  RQ-11  was  the  target  airframe  for  this  researeh,  but  a  Raven  eould  not  be 
seeured  in  time  for  experimentation.  As  sueh,  we  needed  to  proeure  an  off-the-shelf 
remotely  piloted  vehiele  (RPV),  eommereially  known  as  a  “remote-eontrolled  airplane.” 
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In  order  to  best  approximate  the  effect  of  applying  solar  cells  to  an  RQ-1 1,  we  needed  to 
find  an  aircraft  whose  wing  surface  area  was  at  least  the  same,  that  was  similar  in  weight, 
about  4.2  lbs  (1.9  kg),  and  which  also  used  lithium-polymer  batteries. 

Before  shopping  for  aircraft,  we  needed  first  to  determine  the  wing  surface  area  of 
the  Raven  in  order  to  match  it  with  an  RPV  test  aircraft.  Figure  67  shows  an 
approximation  of  the  main-wing  area  of  the  RQ-11.  Due  to  the  absence  of  a  Raven  for 
testing,  or  detailed  specifications,  this  estimate  was  arrived  at  through  measurement  of 
scaled  images  using  Microsoft  Visio.  The  first  measurement  shown  is  the  ideal  coverage 
with  100%  of  the  wing  surface  covered  by  solar  cells.  The  second  measurement,  called 
“Large  Rectangle”  is  a  more  realistic  coverage  estimate.  Since  CIGS  solar  cells  are 
manufactured  using  a  roll-to-roll  process,  they  are  sold  in  strip  or  rectangle  form. 

Rav«n  Wings 
Ideal  Covarage  0  23  rrc' 

Largw  Rectangle  Coverage  2  in'' 

Wmi  Surface  Ccvacaga 


1  007  m’ 

0  09  m’ 

0  07  m-  ' 

1 

0.055  m’ 

0  09  m’ 

0  055  m* 

Figure  67.  Approximate  Wing  Surface  Area  of  RQ-1 1  Raven. 

Besides  using  a  large-rectangle  area  for  the  main  wings,  we  also  did  not  consider 
the  use  of  other  surfaces  aside  from  the  main  wing  in  order  to  present  a  conservative 
performance  estimate. 


70 


Figure  68.  Possible  Additional  Surface  Area  for  Solar  Cells  on  RQ-1 1  Raven 

(After  [97]). 

Due  to  time  constraints  and  the  author’s  lack  of  experience  as  an  RPV  pilot,  we 
also  wanted  to  make  sure  our  aircraft  would  be  quick  to  assemble  and  easy  to  fly.  With 
these  criteria,  we  searched  for  a  commercially  available  Raven,  or  similar  aircraft. 
Unfortunately,  nothing  like  the  Raven  was  found  after  many  days  of  searching.  We 
quickly  decided  to  purchase  a  ready-to-fly  aircraft  that  was  reasonably  priced  and  easy  to 
fly.  At  a  minimum  it  would  need  to  meet  our  most  essential  constraint;  having  surface 
area  equal  to,  or  greater  than  that  of  the  RQ-1 1.  After  scouring  the  internet,  we  selected 
the  Parkzone  Radian,  shown  in  Figure  69. 


Figure  69.  Parkzone  Radian  Remotely  Piloted  Vehicle  (From  [98]). 

Given  the  lack  of  sponsorship,  one  major  advantage  for  this  choice  was  the  price. 
It  was  relatively  inexpensive  at  approximately  $250,  compared  to  $35,000  for  a  Raven 
[99].  It  was  also  ready-to-fly  (RTF),  meaning  it  had  all  necessary  parts  included  in  one 
kit.  Essentially,  to  get  the  aircraft  flying,  the  wings  and  tail  needed  to  be  attached  and 
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control  rods  inserted,  the  battery  needed  to  be  charged,  and  the  included  transmitter 
needed  to  be  “bound”  to  the  aircraft  receiver.  This  model  was  also  ehosen  for  its 
simplieity  of  operation  since  it  only  had  three  ehannels,  to  eontrol  the  motor  speed, 
elevators,  and  rudder.  Like  the  Raven,  the  Radian  used  Li-Po  batteries,  though 

Without  detailed  specifieations  on  the  wing  shape,  a  similar  method  to  the  one 
used  for  the  Raven  was  applied  to  find  the  approximate  wing  dimensions.  In  eaeh  ease, 
the  wingspan  was  readily  available,  so  images  of  the  wings  were  set  to  that  size  to 
produee  a  sealed  image.  Again,  we  used  Mierosoft  Visio  to  generate  surfaee  area 
estimates,  whieh  is  shown  in  Figure  70. 

Radian  Wings. 

Ideal  Coverage:  0.36  m’ 

Large  Rectangle  Coverage:  29  m' 

Sitvgle  Rectarvgle  Coverage  .206  m^ 

MmI  Surface  Ooveregf 


Uige  Recungle  Surface  Coverage 


Figure  70.  Parkzone  Radian  Wing  Geometry  with  Ideal  and  Realistie  Solar 

Coverage  Regions. 

Though  the  Radian  has  a  mueh  larger  ideal  surfaee  area  than  the  Raven,  if  only 
the  central  “large  reetangle”  area  is  used,  both  aireraft  ean  accommodate  approximately 
0.2  m  of  solar  eells. 

C.  SOLAR  CELLS 

In  Chapter  III,  we  deseribed  why  CIGS  solar  cells  are  the  best  ehoiee  for  this 
applieation.  There  are  numerous  CIGS  manufaeturers  in  the  U.S.  and  around  the  world, 
but  relatively  few  of  them  have  verified  produetion  eells  effieieneies  over  10%.  Two  of 
these,  Honda  Soltee  in  Japan,  and  Germany’s  Wurth  Solar  have  CIGS  eells  measured  at 
greater  than  10%  effieiency,  but  they  do  not  have  flexible  thin-film  produets  publiely 


72 


available.  Within  the  United  States,  there  are  several  eompanies  that  are  produeing  CIGS 
on  flexible  substrates,  including  Ascent  Solar  (polyimide  substrate),  and  Nanosolar 
(aluminum  substrate).  At  the  time  of  this  research,  neither  company  had  consumer  ready 
products  available  for  purchase,  nor  did  they  have  the  confirmed  efficiency  of  our  final 
selection  Global  Solar  Energy. 

1,  Preferred  Thin-film  Product 

Global  Solar  Energy  (GSE)  is  one  of  the  leading  flexible  CIGS  manufacturers. 
Their  headquarters  is  in  Tucson,  Arizona  and  they  have  a  second  manufacturing  plant  in 
Germany.  Together,  these  facilities  are  capable  of  producing  75  MW  of  solar  cells 
annually.  The  product  best  suited  to  this  research  was  identified  as  their  flexible  G2 
Thin-Eilm  Strings,  shown  in  Eigure  71.  This  product,  as  with  their  building  integrated 
photovoltaics  (BIPV)  is  targeted  at  corporate  partnerships,  whereby  Global  Solar 
provides  the  solar  cells  tailored  to  meet  a  particular  secondary  manufacturer’s  needs  [66]. 


(a)  (b) 

Eigure  71.  Global  Solar  10  cm  x  20  cm  CIGS  Cell  (a)  and  Thin-Eilm  String  (From 

[66]). 

As  shown,  these  “raw”  cells  would  have  been  the  best  choice  since  they  are 
extremely  flexible  and  lightweight  in  this  configuration.  A  string  is  normally  constructed 
of  18  individual  cells,  wired  together  in  series.  Based  on  the  size  of  the  Raven’s  wings, 
one  string  would  have  provided  more  than  enough  solar  cells.  These  cells  would  need  to 
have  been  cut  and  rewired  to  provide  greater  coverage.  As  shown  in  Figure  72,  if  left  in 
10cm  X  21  cm  cells,  and  using  just  the  main  wing  surface,  only  0.168  m  would  be 


73 


covered.  Depending  on  the  new  cell  sizes,  an  MPPT  or  DC-DC  eonverter  would  be 
needed  to  increase  the  voltage.  Each  cell  is  only  about  0.5  volts,  but  the  Raven’s  battery 
is  rated  at  25.2  V. 


Figure  72.  Estimated  Solar  Coverage  of  Raven  Wings  Using  Uncut  GSE  Cells. 

Unfortunately,  individual  cells  or  strings  could  not  be  purchased  initially.  During 
the  proeurement,  design,  construction,  and  testing  phases  of  this  research,  the  least 
quantity  available  from  Global  Solar  was  50  strings  of  18  cells,  or  about  75  times  more 
than  we  needed  to  test  the  concept.  Since  our  limited  budget  did  not  support  such 
extravagant  spending,  we  had  to  look  at  other  alternatives. 

Other  less  established  companies  were  manufacturing  CIGS  cells  on  flexible 
substrates,  like  Ascent  Solar  and  Nanosolar.  Neither  of  these  companies  sells  products 
directly  to  consumers,  nor  could  we  find  any  products  from  secondary  manufacturers  that 
made  use  of  their  cells,  nor  did  they  respond  to  web  or  email  inquiries. 

Thus  Global  Solar  was  our  only  viable  option  given  the  scale,  timeline,  and 
funding  of  the  project. 

2,  Best  Alternative 

Since  we  were  unable  to  reach  an  agreement  with  Global  Solar  to  obtain  a  small 
quantity  of  1 1%  efficient,  lightweight  cells  in  a  timely  manner,  we  decided  to  purchase  an 
off-the-shelf  battery  charger  that  used  GSE’s  CIGS  cells.  This  would  require  a  great  deal 
more  work  to  ready  the  cells  for  installation,  but  was  neeessary  to  complete  some  level  of 
experimentation.  Figure  73  shows  the  6.5-watt  and  12-watt  Global  Solar  SUNEINQ 
portable  chargers  we  ordered. 
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(a) 


(b) 


Figure  73.  Global  Solar  SUNLINQ  6  Watt  (a)  and  12  Watt  (b)  Chargers 

(From  [89]  [100]). 

These  chargers  are  flexible  and  foldable,  making  them  well  suited  for  many 
civilian  and  military  applications.  In  fact,  GSE  has  produced  several  versions  of  their 
FLEX  portable  chargers  for  military  use,  like  those  shown  in  Figure  74,  and  tested  them 
against  military  standards  (MIL-STD-810).  These  chargers  would  make  an  excellent 
addition  to  a  complete  Raven  system  to  serve  as  an  alternative  power  source  for  the 
ground  control  station  (GCS),  or  battery  charger  for  the  aircraft. 


(a)  (b) 

Figure  74.  Global  Solar  P3  Portable  Power  Pack,  Folded  (a),  and  Deployed  (b) 

(From  [101]). 


3,  Harvesting 

The  process  of  removing  the  solar  panels  from  the  battery  chargers  was  incredibly 
time  consuming  and  difficult.  The  images  in  the  following  sections  give  an  overview  of 
the  steps  involved.  First,  the  thin  fabric  cut  from  the  edges,  then  pulled  away  from  the 
laminated  top  of  the  panel  sections.  Figure  75,  shows  the  6-watt  charger  with  most  of  the 
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cloth  edge  trimmed  from  the  left-most  panel  and  a  long  strip  of  fabric  removed  from  the 
top  edge.  This  revealed  a  large  metal  contact  region  for  termination  of  a  strip  of  five 
shingled  cells  and  for  interconnection  between  strips. 


Figure  75.  6-Watt  Panel  with  Partial  Trimming  and  Some  Top  Fabric  Removed. 

Next,  we  needed  to  strip  the  backs  of  the  panels.  The  solar  arrays  would  be 
significantly  heavier  if  the  fabric  and  adhesive  could  not  be  removed.  The  effort 
illustrated  by  Figure  76  involved  several  hours  of  work  during  which  many  different  tools 
and  methods  were  used.  This  included  the  use  of  chemical  solvents  and  heat.  Eventually 
we  abandoned  these  efforts.  The  progress  shown  in  Figure  76  (a)  and  (b)  took 
approximately  one  hour  and  was  viewed  as  very  likely  to  damage  the  thin  CIGS  cells. 
We  used  a  heat-gun  to  loosen  the  underlying  adhesive  to  speed  up  the  process,  but  this 
resulted  in  the  top-surface  delamination,  shown  in  (c). 


(a)  (b)  (c) 


Figure  76.  Attempts  to  Remove  Fabric  and  Adhesive  from  Back  of  6-watt  Panel. 
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We  made  a  fortunate  diseovery  while  removing  the  remaining  fabrie  and  adhesive 
from  the  front  and  sides,  we  found  that  the  cloth  on  the  backs  of  the  panels  was  not 
adhered  directly  to  solar  cells;  there  was  an  additional  layer  of  lamination  between. 
Without  realizing  this,  we  had  inadvertently  tried  to  remove  the  lamination  rather  than 
just  peeling  the  cloth  from  its  surface. 

Though  removing  the  unwanted  layers  from  the  backs  of  the  cells  would  take 
about  12  additional  hours,  it  resulted  in  a  significant  reduction  in  weight.  Between  the 
two  battery  chargers,  there  were  12  panels  total.  The  panels  that  were  stripped  on  the 
front  only  weighed  25  grams  each  or  300  grams  total.  After  the  layers  above  the 
lamination  were  removed  from  the  panel  backs,  they  weighed  a  mere  18  g  each,  which 
was  reduced  to  about  17.5  g  by  trimming  excess  lamination  around  the  perimeter.  So 
through  the  removal  of  the  back  cloth  and  adhesive  and  further  trimming,  the  total  weight 
of  the  pre-installed  cells  was  reduced  from  300  to  212  grams,  or  nearly  30  percent. 

4.  Installation 

With  the  solar  cells  removed  from  the  battery  charger,  the  next  stage  would  be  to 
wire  them  together.  We  needed  to  configure  the  cells  to  provide  the  correct  load  voltage 
while  minimizing  the  additional  wiring  needed  in  order  to  reduce  the  additional  weight 
added  to  the  plane.  As  mentioned  in  Chapter  IV,  individual  cell  voltage  is  usually  quite 
low  so  they  are  connected  in  series  to  increase  the  total  voltage. 

Also  discussed  in  Chapter  IV  were  blocking  and  bypass  diodes.  Since  all  the  cells 
would  be  aligned  in  the  same  horizontal  plane,  and  the  separate  sections  were  very 
unlikely  to  be  individually  shaded,  we  did  not  install  bypass  diodes.  They  will  be  needed 
in  future  testing  or  production  models  if  solar  cells  are  applied  to  other  surfaces.  The 
SUNLINQ  battery  chargers  included  a  small  circuit  board  shown  in  Figure  77,  which 
contained  a  blocking  diode  in  addition  to  a  limited  the  voltage  to  fewer  than  15  volts. 
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Figure  77.  Voltage  Limiter  and  Bloeking  Diode. 


Unlike  the  GSE’s  thin-film  strings,  the  CIGS  used  in  the  battery  ehargers  were  not 
large  100  cm  x  210  cm  cells,  but  rather  smaller  cells  shingled  upon  each  other  to  form 
higher  voltage  strips.  This  would  permit  the  use  of  these  panels  without  a  DC-DC 
converter  to  “step-up”  the  voltage.  Each  solar  cell  has  a  voltage  of  approximately  0.5 
volts.  The  cells  in  the  6-watt  charger  were  about  half  the  size  of  those  in  the  12-watt 
charger,  so  they  added  up  to  the  same  voltage  in  a  smaller  area  when  put  in  series.  This 
is  shown  in  Eigure  78. 


With  this  configuration,  the  two  wings  would  be  connected  in  series  to  sum  the 
voltages  to  approximately  20  volts.  Thus,  the  plane  could  be  tested  with  and  without  an 
MPPT  since  the  baseline  voltage  would  exceed  12.6  without  a  DC-DC  converter. 

The  cell  strips  were  connected  using  the  existing  flat  wire  braid  attached  to  the 
large  metal  contacts  at  the  end  of  each  strip.  Much  smaller  contact  area  and  thinner, 
lighter  wiring  could  be  used  in  future  testing  with  this  aircraft,  or  installation  of  solar 
cells  on  the  Raven  or  other  UAV. 
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Since  we  were  unsure  if  better  cells  would  be  proeured  during  testing,  we  deeided 
to  attach  the  solar  eells  so  they  could  be  easily  removed  without  damage  to  the  wings  or 
cells.  The  edges  and  seams  were  adhered  to  the  wing  using  double-sided  tape.  The 
interior  seams  between  the  panels  were  eovered  with  thin  strips  of  clear  tape  and  wider 
elear  “packing”  tape  was  applied  to  the  leading  and  trailing  edges. 

D.  MPPT 

As  diseussed  in  the  previous  chapter,  an  MPPT  should  be  used  in  most  solar 
applieations  to  allow  the  cells  to  funetion  at  the  best  operating  point,  rather  than  being 
held  to  the  voltage  of  the  load.  An  ideal  MPPT  for  this  researeh  would  incorporate 
power-point  tracking,  voltage  conversion,  voltage  regulation,  charge  control  -  including 
cell  balaneing,  would  be  small  and  very  lightweight,  and  would  have  high  efficieney  and 
very  low  quiescent  power  consumption. 

There  was  not  sufficient  time  or  funding  to  design  a  build  the  ideal  eircuit  so  in 
keeping  with  the  aim  of  using  inexpensive  off-the-shelf  products  for  a  practical 
application  we  began  to  researeh  commereial  MPPTs. 

Unfortunately,  very  few  MPPTs  are  designed  for  use  in  this  type  of  application. 
An  overwhelming  majority  of  photovoltaie  applications  are  terrestrial,  so  size  and  weight 
are  typically  not  concerns  for  designers.  One  candidate  was  the  photovoltaie  power 
converter  (PVPC)  designed  by  Atira  Teehnologies  and  tested  at  NPS,  but  it  does  not 
appear  to  have  gone  into  produetion  [92]. 

Another  MPPT  we  considered  was  from  Solar  Converters.  Their  smallest  charge 
eontroller,  shown  in  Figure  79,  can  be  purchased  for  12  or  24-volt  applications. 


Figure  79.  Solar  Converters  Charge  Controller  with  MPPT  (From  [102]). 
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This  unit  meets  most  of  the  requirements  stated  previously.  It  can  be  factory 
configured  for  a  specific  application.  As  Table  5  shows,  this  unit  was  slightly  less 
expensive  than  our  final  selection,  but  was  heavier  and  drew  more  current. 


Solar 

Converters 

Genasun 

Max  Array  Voltage  (V) 

50 

27 

Max  Output  (A) 

3 

4 

Self  Consumption  (mA) 
Charging 

20 

1 

Self  Consumption  (mA) 
Quiescent 

10 

0.09 

Setpoint  Tolerance  (+/-) 

0.05 

- 

Float  Setting  **(V) 

14.1 

12.5 

Efficiency  (%) 

96 

94-98 

Max  Temp  °C 

60 

- 

Weight  (g) 

136 

80 

Price  ($) 

72 

no 

Table  5.  MPPT  Comparison  [Data  from  [102][103]). 


We  selected  the  Genasun  GV-4  Low-Power  MPPT/Charge  Controller  (Figure  80) 
as  the  best  alternative  of  readily  available  products  that  met  our  specifications.  Another 
potential  source  was  Solarmppt.com,  but  a  custom  product  would  have  been  needed  to 
meet  our  voltage  and  weight  parameters.  The  best  MPPT  for  a  solar  modified  RQ-11 
would  probably  be  very  similar  to  the  one  used  on  the  Sky-Sailor.  After  several 
iterations,  the  final  design  for  that  aircraft  was  95-97%  efficient,  could  produce  up  to  30 
watts,  and  weighed  only  7  grams. 


Figure  80.  Genasun  GV-4  Low-Power  MPPT/Charge  Controller. 
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The  Genasun  MPPT  was  initially  80  grams,  which  would  be  much  too  heavy  for 
this  aircraft.  The  greater  load  would  have  negated  any  additional  efficiency  gains. 
Figure  81  shows  the  disassembly  of  the  GV-4.  The  first  image  (a)  shows  the  MPPT  with 
the  top  cover  removed.  The  second  image  (b)  shows  the  MPPT  without  the  base  plate 
and  mounting  screws.  It  now  weighed  only  29  grams. 


(a)  (b) 

Figure  8 1 .  Disassembled  Genasun  GV-4. 


E.  SYSTEM  INTEGRATION 

With  all  components  in  hand,  the  next  step  was  to  integrate  them  all  within  the 
plane’s  canopy  and  begin  system  testing.  The  intended  system  design  is  shown  in  Figure 
82. 


Figure  82.  Planned  Thin-Film  Flyer  Configuration. 

Unfortunately,  the  MPPT  suffered  a  catastrophic  casualty  during  preliminary 
testing,  so  could  not  be  incorporated  in  the  full  system  testing.  The  diagram  in  Figure  83 
shows  the  actual  aircraft  electrical  configuration.  Without  the  built-in  protection  of  the 
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MPPT,  it  was  important  to  add  a  blocking  diode  back  into  the  eireuit.  The  small  eireuit 
board  from  one  of  the  battery  chargers  served  that  purpose,  as  well  as  limiting  the  voltage 
from  the  eells  to  15  V. 
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Figure  83.  Actual  Thin-Film  Flyer  Configuration. 


The  individual  components  were  chosen  and  optimized  for  weight,  then  installed. 
Figure  84  (a)  shows  the  open  canopy  with  the  battery  connector  on  the  left,  wired  in 
parallel  with  the  output  of  the  voltage  regulator  and  the  solar  cell  connectors.  Figure  84 
(b)  shows  the  coekpit  area  with  the  battery  and  solar  cells  connected. 


(a)  (b) 

Figure  84.  Thin-Film  Flyer  Integrated  Eleetronics. 


The  images  in  Figure  85  are  of  the  final  assembled  aircraft.  Figure  85  (a)  shows 
the  front  of  the  aircraft  with  the  canopy  closed.  In  order  to  maintain  the  strength  of  the 
fuselage,  we  did  not  create  holes  for  the  wires  from  the  solar  arrays.  Instead,  we  used  a 
small  piece  of  tape  to  reduce  their  drag  on  the  surface.  The  second  image  (Figure  85  (b)) 
demonstrates  the  ability  of  the  propeller  to  fold  during  gliding  to  reduce  drag. 
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(a)  (b) 

Figure  85.  Assembled  Thin-Film  Flyer  with  Canopy  Closed. 


The  final  image  (Figure  86)  is  an  overhead  view  of  the  fully  assembled  Thin-Film 

Flyer. 


Figure  86.  Thin-Film  Flyer  Fully  Assembled. 


F.  CHAPTER  SUMMARY 

In  this  chapter,  we  described  the  most  significant  constraints  on  the  scope  of  this 
research,  namely  time  and  funding.  We  described  how  an  inexpensive  commercial-off- 
the-shelf  (COTS)  remotely  piloted  vehicle  was  used  as  a  proof-of-concept  demonstrator 
in  place  of  an  RQ-11  Raven.  Next,  we  explained  the  reason  for  using  the  CIGS  cells 
harvested  from  a  battery  charger  and  explained  how  they  were  connected  and  installed  on 
the  wings.  We  then  detailed  our  MPPT  selection  process  and  showed  our  selection  from 
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Genasun.  We  showed  our  system  design  as  originally  intended,  and  the  implemented 
design  used  after  the  MPPT  failed.  Lastly,  we  showed  our  final  aircraft  configuration 
with  all  elements  integrated. 
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VI.  TESTING  AND  ANALYSIS 


As  stated  in  the  previous  chapter,  we  conducted  testing  on  individual  components 
and  sub-circuits  prior  to  system  testing  and  installation.  The  first  components  we  tested 
were  the  batteries. 

A.  BATTERIES 

The  Parkzone  Radian  RTF  plane  kit  came  with  a  3 -cell  Li-po  battery  with  a 
nominal  voltage  of  1 1 . 1  V.  A  battery  charger  was  also  included  that  could  be  plugged 
into  a  cigarette-lighter  adapter  in  a  car.  We  chose  to  purchase  an  aftermarket  universal 
battery  charger  that  came  with  an  AC-DC  wall  adapter.  This  charger  featured  Li-po 
charging,  discharging,  and  cell  balancing.  It  could  monitor  battery  temperature  during 
charging  and  could  export  data  to  a  computer  with  a  USB  cable  (though  not  simultaneous 
with  temperature  monitoring).  The  Venom  AC/DC  Pro  Balance  Battery  Charger  is  also 
capable  of  charging  NiCd  and  NiMH  batteries.  The  Parkzone  and  Venom  chargers  are 
pictured  in  Figure  87. 


(a) 


(b) 


Figure  87.  Parkzone  and  Venom  Balanced  Chargers  (From  [104]). 


A  single  11.1  V,  1.3  Ampere-hour  (Ah)  battery  came  with  the  Radian  kit.  Two 
additional  batteries  of  similar  size,  and  one  rated  at  4.0  Ah,  would  be  tested  during  this 
project.  This  larger  sample  size  would  help  to  eliminate  battery  malfunction  or 
performance  variations  from  affecting  testing  analysis. 
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Table  6  shows  the  four  batteries  we  used  for  the  remainder  of  this  researeh. 
Though  there  are  slight  anomalies  due  to  quality  and  manufaeturing  differenees,  in 
general,  larger  batteries  have  higher  energy  density. 


Battery 

Ah 

Mass  (kg) 

Specific  Energy 
Density 
Wh/Kg 

1  Sapac 

1.20 

0.104 

128.1 

2  Park  Zone 

1.30 

0.099 

145.8 

3  Thunder  Power 

1.35 

0.104 

144.1 

4  Thunder  Power  (large) 

4.00 

0.265 

167.5 

Table  6.  Lithium-Polymer  Battery  Parameters. 


All  these  batteries  are  made  of  individual  3.7  V  eells  wired  together  in  series,  as 
in  Figure  88  (a).  Eaeh  paek  has  a  large  main  eonneetor  for  drawing  large  currents  from 
the  pack  when  connected  to  a  load,  and  a  smaller  connector  for  monitoring  and  balancing 
the  cells  during  charging.  If  a  second  set  of  three  cells  is  placed  in  parallel  with  the  first 
set  (Figure  88  (b)),  the  voltage  will  remain  the  same,  but  the  current  will  double,  thereby 
doubling  the  power  of  the  battery  pack.  Since  a  second  set  of  connectors  is  not  needed, 
only  a  small  amount  of  internal  wiring  is  added.  The  amount  of  packaging  for  a  larger 
battery  increases  only  slightly  and  additional  internal  protective  circuits  are  not  needed. 
Therefore,  while  the  power  doubles,  the  overall  increase  in  pack  weight  is  proportionally 
much  less.  Therefore,  the  specific  energy  of  larger  battery  packs  is  better  than  smaller. 


(a)  (b) 

Figure  88.  Internal  Wiring  of  3s Ip  (a)  and  3s2p  (b)  Lithium  Polymer  Packs 

(From  [105]). 
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1. 


Bench  Charge  and  Discharge  Testing 


The  first  test  we  eondueted  was  to  determine  the  general  eharge  eharaeteristies  of 
Li-po  batteries.  Though  similar  data  was  available,  we  wanted  to  confirm  the  behavior 
with  our  charger  and  battery.  The  nominal  voltage  of  each  of  the  three  cells  in  a  pack  is 
3.7  V.  During  charging,  they  are  charged  at  a  constant  current,  this  case  1.0  A,  until  the 
individual  cells  are  4.2  V.  This  is  shown  as  the  point  in  Figure  89  where  the  voltage 
remains  constant  at  12.6  volts.  After  the  desired  voltage  is  reached,  charge  current 
continues  to  decrement  until  the  total  battery’s  capacity  is  reached. 


(V|  (A| 


Figure  89.  1 1 . 1  V  Lithium  Polymer  Battery  Charge  Cycle  Using  Venom  Pro  Charger. 

From  previous  research  (Chapter  III),  we  knew  that  most  battery-powered  UAVs 
have  an  endurance  of  30-60  minutes.  From  the  Radian’s  documentation,  we  knew  that 
flights  were  likely  to  be  in  the  same  range  as  well.  For  these  reasons,  we  set  our  plane’s 
throttle  at  such  a  level  that  a  battery  would  be  discharged  in  approximately  the  same  time 
during  bench  testing  as  it  would  during  a  normal  flight. 
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We  found  an  approximate  eurrent  using  the  current  capacity  of  the  battery  and  the 
desired  run-time 


1.35Ah 

.75h 


1.8A 


(6.1) 


Figure  90  shows  the  aircraft  bench-test  configuration.  We  decided  to  increase  the 
throttle  slightly  for  our  initial  current  measurement  so  the  throttle  lever  could  be 
positioned  at  an  easy  to  find  reference  point.  This  would  enable  us  to  set  the  throttle  to 
the  same  point  for  bench,  rooftop,  and  field  testing.  The  initial  measured  current  was 
approximately  1 .96  V  at  the  start  of  each  subsequent  test.  This  corresponded  to  setting 
the  throttle  to  one  “notch”  below  centerline  on  our  controller. 


Figure  90.  Battery  Bench-testing  Setup. 


The  voltage  of  Li-po  batteries  decreases  as  they  discharge.  The  electronic  speed 
control  circuit  (ESC)  on  the  airplane  takes  advantage  of  this  fact  to  determine  when  the 
battery’s  capacity  is  critically  low.  The  ESC  also  reduces  the  current  to  the  motor,  hence 
the  speed,  as  the  battery  voltage  decreases.  Eor  uniformity,  we  decided  to  set  the  initial 
current  to  the  same  value  for  all  tests.  We  would  not  be  able  to  monitor  the  current  while 
the  plane  was  airborne  to  make  continual  adjustments  to  counteract  the  ESC. 

As  stated,  Ei-po  batteries  have  a  maximum  voltage  of  4.2  V  per  cell  and  should  be 
discharged  to  no  less  than  3.0  V  per  cell.  Therefore,  our  3 -cell  packs  would  start  at  12.6 
V  and  were  allowed  to  discharge  to  9.0  V.  The  results  of  our  battery  voltage 
characterization  test  are  shown  in  Eigure  91. 
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Figure  91 .  1.3  Ah  Lithium  Polymer  Battery  Diseharge  at  Initial  Current  of  1 .96  A. 

This  diseharge  curve  is  typical  of  that  in  the  literature.  As  seen  in  Figure  91,  once 
the  voltage  on  a  Li-po  battery  goes  below  10.5  V,  it  drops  very  quickly.  To  avoid 
permanent  damage,  the  battery  should  not  be  discharged  much  further  from  this  point. 
Therefore,  the  ESC  forces  the  planes  motor  into  a  pulsating  mode  when  the  voltage  drops 
too  low.  In  practice,  this  gives  the  pilot  on  the  ground  a  signal  of  the  impending  loss  of 
power.  Once  the  battery  is  discharged  beyond  this  stage,  power  to  the  motor  is  cut  off 
completely.  However,  the  battery  is  not  completely  dead.  The  ESC  is  programmed  to 
turn  off  the  motor  while  leaving  enough  power  in  the  battery  to  operate  the  servos.  Thus, 
a  pilot  still  has  a  chance  to  steer  the  plane  toward  a  desired  landing  area. 

We  used  this  function  of  the  ESC  in  all  further  testing.  We  ended  tests  when  the 
motor  started  to  pulsate,  indicating  a  battery  voltage  of  approximately  9.5  V. 

2,  Aircraft  Bench  Testing 

Prior  to  testing  the  aircraft  with  solar  cells  installed,  we  needed  to  establish 
baseline  endurance  for  each  of  the  batteries.  According  to  the  literature  that  accompanied 
the  Thunder  Power  Li-po  batteries,  they  should  be  conditioned  by  running  at  a  lower 
initial  current,  3C-5C  for  the  first  few  flights.  “C”  in  this  case  is  capacity  in  Amp-hours. 
So  for  a  1.3  Ah  battery,  the  initial  discharge  cycles  should  not  draw  more  than  5  x  1.2  Ah, 
or  6  Amps.  We  were  only  testing  at  two  amps  or  less,  so  this  would  not  cause  damage. 
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However,  we  deeided  that  in  the  interest  of  thoroughness,  we  would  test  the  batteries  ten 
times  to  determine  if  there  was  a  differenee  in  performanee  after  a  “break-in”  period. 

There  was  a  distinet  break-in  period  for  two  of  the  batteries  as  Figure  92 
demonstrates.  Batteries  1  and  4  showed  a  signifieant  drop  in  enduranee,  steadily 
deereasing  from  test  1  to  5,  then  both  batteries  enduranee  beeame  more  stable.  Batteries 
2  and  3  did  not  notieeably  demonstrate  this  same  behavior. 


Figure  92.  Bench  Battery  Endurance  Tests. 


For  this  reason,  we  would  use  an  average  of  the  last  five  battery  tests  as  a  baseline 
for  each  (Table  7). 


Battery'"''-'^. 

6 

7 

8 

9 

10 

Average  of 
last  5 

1  Sapac 

36.0 

36.0 

348 

35.0 

34.2 

35.2 

2  Park  Zone 

43.3 

41.7 

41.2 

40.8 

42.4 

41.9 

3  TP 

39  5 

40  0 

37  5 

38  0 

3fi0 

38  6 

4  TP  (large) 

54.3 

55.8 

55.0 

54.8 

53.3 

54.6 

Table  7.  Baseline  Battery  Endurance  Tests  (Run-time  in  Minutes). 


B.  CHARACTERIZATION  OF  SOLAR  PANELS 

Per  our  discussion  in  Chapter  III,  solar  cells  are  typically  characterized  by  an  I-V 
curve  established  under  solar  simulator  with  AMO  or  AMI. 5  irradiance.  There  was  no 
solar  simulator  of  sufficient  size  at  NPS  to  test  a  solar  array  as  large  as  those  from  the 
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battery  chargers,  nor  was  it  possible  to  cut  them  into  manageable  sample  sizes,  since  all 
cells  would  be  used  on  the  aircraft.  In  order  to  determine  the  efficiency  of  the  cells  we 
used,  we  needed  to  calibrate  a  reference  cell  that  would  fit  in  the  solar  simulator.  A 
reference  cell,  shown  in  Figure  93,  would  also  be  used  to  measure  the  solar  irradiance 
during  rooftop  and  field-testing. 

1,  Reference  Solar  Cell 

Figure  93.  Reference  Solar  Cell  with  Multimeter  Leads. 

In  order  to  find  the  voltage  and  current  of  this  cell,  we  first  had  to  calibrate  the 
solar  simulator.  We  used  a  laboratory-calibrated  cell  with  known  short-circuit  current 
(Isc)  and  open-circuit  voltage  (Voc)-  The  cooling  system  for  the  simulator  was  not 
functioning,  so  we  used  the  simulator’s  built-in  shield  to  block  the  light  while  the  cell  and 
mounting  base  cooled  to  25°C.  We  tested  the  temperature  with  a  digital  thermocouple 
mounted  on  the  testing  surface  near  the  cell.  Luckily,  the  ambient  temperature  in  the  lab 
was  almost  perfect  for  testing,  so  the  non-operational  cooling  system  did  not  make  a 
significant  difference.  At  standard  test  conditions,  the  cell  should  be  25°C.  We  were 
able  to  cool  our  samples  to  25.3°C,  and  took  measurements  immediately  after  the  lamp 
was  exposed. 

Unfortunately,  when  we  compared  the  readings  taken  throughout  or  outdoor  tests, 
both  on  the  roof  and  prior  to  flight  tests,  we  discovered  that  the  parameters  from  the 
“calibrated”  solar  cell  we  used  were  incorrect.  Therefore,  the  solar  simulator 
characterization  of  our  reference  cell  was  inaccurate.  Though  we  took  Vqc  and  Isc 
readings  throughout  each  stage  of  our  testing,  we  were  not  able  use  those  readings  to 
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establish  the  ineident  radiation  during  testing.  The  measurements  were  not  essential  to 
the  fundamental  aims  of  the  eurrent  researeh;  however,  they  would  have  provided  a  better 
indieation  of  the  effeetiveness  of  this  approaeh  at  different  levels  of  irradianee.  The 
measurements  will  be  available  for  analysis  in  follow-on  researeh  at  Naval  Postgraduate 
Sehool. 


2.  Global  Solar  “SUNLINQ”  Chargers 

Prior  to  disassembling  the  battery  ehargers  to  harvest  their  eehs  for  use  on  our 
aireraft,  we  wanted  to  determine  their  eleetrieal  parameters.  We  tested  the  Voc  and  Isc  of 
both  the  6.5  W  and  12  W  ehargers.  Global  Solar  determined  these  ratings  under  ideal  test 
eonditions,  rather  than  what  eould  be  expeeted  during  praetieal  use.  They  state  that  6.5 
watts  is  the  maximum  power,  [100]  though  typieal  power  under  standard  test  eonditions 
(1000  W/m  )  is  only  5.5  W.  In  testing,  our  6.5  W  eharger  yielded  a  maximum  of 
approximately  4.5  W.  Though  we  knew  some  of  this  was  due  to  non-ideal  irradianee, 
this  was  nearly  20%  less  power  than  the  typieal  power  listed  on  the  speeiheation  sheet, 
and  about  30%  of  the  power  rating  of  the  eharger. 

We  had  assumed  that  the  advertised  power  rating  of  the  battery  eharger  was  under 
ideal  normal  operating  eonditions.  Instead,  we  learned  that  these  ratings  were  at  STC 
with  the  eharger  eooled  to  25°C.  Global  Solar  explains  the  temperature  dependenee  of 
the  battery  ehargers  as  follows: 

The  panels  are  rated  at  room  temperature  (25  C)  and  the  power  drops  at 
0.5%  of  the  rated  power  for  eaeh  degree  of  temperature  inerease... Under 
direet  noon  sunlight  the  panels  operate  at  approximately  40  C  above 
ambient  air  temperature  with  no  wind.  On  a  day  when  outdoor  air 
temperature  is  25C  (77  F)  the  panel  will  heat  to  approximately  65C, 
eausing  a  power  deerease  of  20%  (i.e.  80%  of  rated  power).  [106] 

This  realization  aeeounted  for  the  signifieant  differenee  in  performanee  from  our 
expeetations.  Figure  94  shows  Global  Solar’s  typieal  I-V  eurve  of  the  6.5  W  eharger. 
Also  shown  is  the  abrupt  cut-off  of  voltage,  as  the  SUNLINQ  chargers  have  a  built-in 
limiter  to  keep  the  solar  charger’s  voltage  in  the  range  of  a  typical  “cigarette  lighter 
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adapter”  (CLA).  Most  rechargeable  consumer  electronics  can  be  charged  from  this  type 
of  adapter,  so  GSE  designed  its  chargers  to  be  limited  near  the  CLA  typical  voltage 
maximum  of  14.5  V  [100]. 


Figure  94.  I-V  Curve  of  Global  Solar  6.5  Watt  Charger  at  STC  and  at  Higher 

Temperature  (After  [100]). 


Our  second  charger  was  rated  at  12  W  by  GSE.  The  1-V  curve  of  this  charger  is 
shown  in  Figure  95.  The  shaded  area  of  Figure  95  indicates  the  operating  voltage  of  our 
Li-po  battery.  At  STC,  without  a  maximum  power  point  tracker,  the  solar  cells  will  be 
forced  to  operate  between  points  (1)  and  (2),  while  the  approximate  maximum  power 
point  is  at  a  higher  voltage  “M.”  At  62°C,  the  maximum  power  point  is  at  least  within 
our  operating  range,  between  points  (3)  and  (4).  In  this  case,  the  MPPT  is  not  as  critical, 
but  still  would  provide  additional  power.  In  subsequent  testing,  we  would  confirm  that 
the  MPPT  from  Genasun  actively  drew  approximately  2  mA  of  current,  which  equates  to 
about  22  mW  at  our  nominal  voltage  of  1 1 . 1  V. 
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Figure  95.  I-V  Curve  of  Global  Solar  12  Watt  Charger  at  STC  and  at  Higher 

Temperature  (After  [89]). 

Though  we  did  not  have  the  means  to  measure  the  cells  operating  temperature  in 
flight,  we  expected  the  cells  to  operate  at  some  temperature  considerably  lower  than 
62°C,  but  higher  than  25°C.  To  estimate  the  potential  benefit  of  the  MPPT,  we  compared 
approximate  power  using  the  25°C  GSE  curve  provided.  Without  an  MPPT,  the  power 
from  this  charger  at  (2)  would  be  approximately  12.5  V  x  0.85  A,  or  10.63  W.  The 
power  at  (1)  would  be  approximately  9.5  V  x  0.93  A,  or  8.84  W.  For  comparison,  at  the 
maximum  power  point  “M,”  the  power  would  be  about  14.5  V  x  .77  A,  or  11.17  W.  If 
the  MPPT  draws  2  mA  at  this  voltage,  its  active  power  consumption  would  be  29  mW. 
The  added  power  gained  from  using  an  MPPT,  less  the  power  it  consumes  would  be  an 
additional  511  mW  at  (2),  and  2.3  W  at  (1).  That  equates  to  greater  than  25%  more 
power  at  the  lower  voltage. 

We  knew  that  even  when  mounted  on  the  wings  with  significant  convection 
cooling  in  flight,  the  solar  cells  would  probably  operate  at  a  temperature  greater  than 
25°C.  Even  at  a  temperature  closer  to  62°C,  it  still  appeared  that  the  additional  weight 
and  cost  of  an  MPPT  would  be  offset  by  the  added  power  that  it  produced. 
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c. 


SOLAR  CHARGING  BATTERIES 


Prior  to  removing  the  eells  from  the  ehargers  and  mounting  them  on  the  wings, 
we  tested  the  battery  ehargers  for  their  intended  purpose;  we  eondueted  tests  to  determine 
how  long  it  would  take  to  reeharge  batteries.  This  would  show  the  added  benefit  of  solar 
modified  UAV  to  “self-eharging”  on  the  ground  between  flights.  These  ehargers  eould 
also  be  used  in  their  original  eonfiguration  to  supplement  power  for  the  UAV  ground 
eontrol  station,  to  reeharge  additional  batteries,  or  for  other  eleetronics. 

We  deeided  in  the  interest  of  time  to  test  only  the  three  similarly  sized  batteries, 
forgoing  experiments  with  the  mueh  larger  battery  for  a  later  date. 

We  tested  three  eombinations  of  solar  chargers.  First,  we  tested  the  charge  time 
using  a  smaller  6.5  W  (rated)  charger,  then  using  the  12  W  charger,  and  finally,  using 
both  chargers  in  parallel.  This  configuration  is  shown  in  Figure  96. 


Figure  96.  Battery  Charge  Testing  Configuration  Using  6.5  W  and  12  W  GSE 

Chargers. 

Though  the  rated  value  of  these  chargers  is  a  combined  18.5  W,  as  discussed 
previously,  the  operating  power  would  be  significantly  lower.  Using  the  I-V  curves  in 
Figures  94  and  95,  under  1000  W/m^  of  irradiance  at  62°C,  our  chargers  would  produce  a 
combined  13.2  W.  We  knew  the  irradiance  during  our  tests  would  be  lower  due  to  our 
frequently  overcast  weather  in  Monterey,  the  lower  angle  of  the  sun  to  Monterey,  which 
is  at  approximately  36°N  latitude,  and  the  varying  times  of  day,  we  estimated  our 
charging  power  would  be  9-12  W. 
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Table  8  summarizes  the  results  of  these  tests.  Using  our  MPPT  eonnected  in 
series  with  the  eombined  battery  ehargers,  we  found  that  batteries  eould  be  eharged  in  2- 
3  hours  in  less  than  ideal  eonditions. 


Battery 

Time 
6.5  W 

Time  12  W 

Time 

18.5  W 

Test  1 

Test  2 

Average 

1 

307 

212 

170 

191 

X 

2 

X 

195 

218 

206.5 

158 

3 

377 

183 

194 

188.5 

123 

195.3 

140.5 

Table  8.  Summary  of  Solar  Battery  Charging  Tests. 


D.  OUTDOOR  PLANE  BENCH  TEST  WITH  SOLAR 
1,  Simulated  Flight  Tests  with  MPPT 

Our  next  step  was  to  eonneet  the  chargers  to  the  plane  in  our  planned 
configuration  previously  shown  in  Figure  82.  The  physical  arrangement  of  equipment  for 
this  phase  is  shown  in  Figure  97. 


Figure  97.  Plane  Endurance  Testing  with  MPPT  and  Combined  18.5  W  Solar 

Chargers. 


The  results  of  these  tests  are  summarized  in  Table  9.  There  was  a  lot  of  variation 
in  due  to  Monterey  weather  and  time  of  day.  On  a  cloudy  day,  our  worst  test  resulted  in 
an  endurance  increase  of  only  about  12  minutes,  or  31%.  Our  best  test  on  a  suimy 
afternoon  was  66  minutes,  which  was  nearly  double  the  pre-solar  time. 
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Battery 

Test  1 

Test  2 

Average 

Without  Solar 

Increase 

Increase 

1 

66 

60 

63 

35.2 

27.8 

79.0% 

2 

65 

60 

62.5 

41.9 

20.6 

49.2% 

3 

55 

50.5 

52.75 

38.6 

14.15 

36.7% 

Table  9.  Endurance  Testing  with  MPPT  and  Combined  18.5  Watt  Chargers. 


Though  we  saw  some  significant  improvement,  we  had  expected  better  results. 
We  suspected  the  MPPT  may  have  malfunctioned,  and  after  inspecting  the  circuit  board, 
discovered  that  a  component  had  obviously  failed.  Genasun  covered  the  MPPT  under 
warranty  so  we  sent  the  device  for  repair.  Meanwhile,  due  to  an  already  compressed  time 
schedule,  we  decided  to  continue  experimenting  without  the  MPPT,  though  we  would  not 
be  able  to  show  the  greatest  potential  performance  gain  without  power  point  tracking. 

2.  Simulated  Flight  Tests  without  MPPT 

Besides  optimizing  the  operating  point  and  acting  as  a  DC-DC  converter,  our 
MPPT  had  served  several  other  important  roles.  It  protected  the  solar  cells  from  being 
forward  biased,  limited  the  output  voltage  to  approximately  12.5  V,  and  monitored  the 
charge-state  of  the  battery  to  prevent  overcharge.  Without  the  MPPT,  at  a  minimum,  we 
would  need  to  limit  the  output  voltage  and  provide  “blocking”  protection  to  prevent  the 
battery  from  forward  biasing  the  solar  cells.  This  would  provide  a  low-impedance 
discharge  path  that  could  damage  the  battery  or  solar  cells. 

Fortunately,  we  were  able  to  use  the  built-in  circuit  protection  board  from  the 
solar  battery  chargers  in  place  of  the  MPPT  to  provide  those  two  important  functions. 
This  revised  configuration  was  shown  in  Figure  83.  There  was  a  blocking  diode  on  the 
circuit  board  that  we  installed,  and  a  voltage  limiter  that  kept  the  output  below  15  V  as  it 
had  in  the  battery  charger. 

Using  this  new  configuration,  we  immediately  saw  a  marked  improvement  in 
simulated  flight  endurance.  On  a  somewhat  cloudy  day,  we  started  our  first  test  without 
MPPT  at  1400.  Though  this  is  past  daily  solar-max,  we  observed  an  endurance  of  83 
minutes,  17  minutes  longer  than  our  previous  best,  and  twice  as  long  as  the  battery-only 
endurance. 
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We  conducted  two  tests  on  each  of  three  batteries,  summarized  in  Table  10. 
Again,  due  to  significant  differences  in  start  times  and  weather,  there  was  a  great  deal  of 
variation  in  our  tested  endurances.  We  did  not  have  the  luxury  of  traveling  to  more 
suitable  climate  and  testing  only  during  solar  max  hours,  nor  did  we  desire  to  do  so.  We 
wanted  to  present  realistic  rather  than  ideal  results  to  prove  the  practicality  of  the 
concept. 

We  observed  from  these  tests  that  even  without  a  working  MPPT,  our  battery 
endurance  increased  significantly.  Our  endurance  test  that  yielded  the  least  improvement 
was  begun  at  10:26  a.m.,  and  conducted  under  100%  cloud  cover  for  the  duration  of  the 
test.  Even  under  these  conditions,  we  saw  a  43%  improvement  in  endurance. 

Our  best  test  commenced  at  1255  under  partly  cloudy  conditions.  During  this 
test,  our  battery  lasted  108  Minutes,  over  three  times  the  pre-solar  average. 


Battery 

Test 

1 

Test 

2 

Average 

Without 

Solar 

Increase 

Increase 

% 

1 

57.5 

108 

82.75 

35.2 

47.55 

135.09% 

2 

83.5 

60 

71.75 

41.9 

29.85 

71.24% 

3 

68.5 

78 

73.25 

38.6 

34.65 

89.77% 

Table  10.  Endurance  Testing  with  Combined  18.5  Watt  Chargers  but  without  MPPT. 

3.  Flight-Ready  Aircraft  Simulation 

Once  we  completed  our  testing  with  separate  components,  we  needed  to  integrate 
our  system  design  into  a  complete  aircraft.  Details  of  the  labor-intensive  process  of 
harvesting  and  installing  the  solar  cells  and  connecting  the  components  were  presented  in 
Chapter  V. 

At  this  point,  we  were  unsure  if  lighter,  more  efficient  solar  cells  would  be 
procured  in  time  to  use  in  this  project.  Therefore,  the  solar  panels  from  the  SUNLINQ 
chargers  were  attached  using  double-sided  tape  and  clear  packing  tape.  An  improved 
version  of  this  test  aircraft,  or  certainly  a  solar-enhanced  production  model  UAV,  will  be 
much  lighter  and  more  aerodynamic  using  strong  spray-on  adhesives. 
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The  final  aircraft  ground  testing  configuration  is  shown  in  Figure  98. 


Figure  98.  Thin-Film  Flyer  Pre-Flight  Test  Configuration. 


We  were  constrained  by  time,  and  only  conducted  one  test  with  this  configuration. 
The  main  goal  was  to  ensure  that  the  previously  tested  system  worked  once  the  solar 
arrays  and  circuits  were  hard-wired  in  place.  An  additional  set  of  interesting  data  points 
would  have  been  to  discover  the  change  in  cell  operating  temperature  compared  to  the 
previous  readings.  In  previous  tests,  while  the  cells  were  still  embedded  in  the  chargers 
and  laying  fiat  on  the  wooden  surface,  we  measured  the  temperature  underneath  the 
charger  near  the  center  of  a  solar  cell.  Flad  we  considered  this  before  attaching  the  cells 
to  the  wings,  we  would  have  mounted  a  thermocouple  wire  beneath  a  panel  on  each  wing 
in  order  to  take  temperature  measurements  for  comparison.  We  tried  to  insert  a 
thermocouple  under  a  panel  during  this  experiment,  but  were  unable  to  do  so  without 
potentially  damaging  the  cells  and  wing  surface. 

This  final  pre-flight  test  started  at  1400,  past  daily  solar  max,  but  it  still  lasted  91 
minutes,  over  2.5  times  longer  than  pre-cell  endurance. 
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Measurements  taken  before  and  after  modification  show  that  our  aircraft  weight 
grew  from  763  grams  to  990  g.  Its  weight  increased  by  227g,  or  an  additional  30%. 
Next,  we  needed  to  determine  if  the  additional  weight  would  counterbalance  the 
additional  power  provided  by  the  cells. 

E.  FLYING  TESTS 

The  final,  most  important  stage  of  this  research  was  to  fly  our  proof-of-concept 
aircraft  to  determine  if  the  net  effect  of  adding  CIGS  cells  and  related  wiring  and  circuit 
would  result  in  improved  endurance.  The  author  of  this  research  was  not  a  pilot  and  did 
not  wish  to  destroy  the  aircraft  while  learning  to  fly  (Figure  99).  Therefore,  we  enlisted 
the  aid  of  Don  Meeks,  a  retired  NFS  employee  with  decades  of  experience  flying  remote- 
controlled  planes,  and  who  has  tested  UAVs  for  various  Department  of  Defense 
components.  He  expertly  flew  the  plane,  volunteering  many  hours,  and  protecting  the 
plane  from  the  author. 


Figure  99.  William  Hurd  with  the  Thin-Film  Flyer. 

1,  Benchmark  Flights  Using  Thermal  Updrafts 

On  July  31,  2009,  during  the  bench-testing  phase  of  our  research,  we  began  flight- 

testing.  We  sought  to  establish  baseline  endurance  for  the  aircraft  prior  to  the  solar 
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modification.  We  wanted  to  fly  a  number  of  test  flights  taking  advantage  of  our  plane’s 
gliding  eapabilities.  The  Parkzone  Radian  is  a  sailplane,  and  as  sueh  is  designed  to  take 
advantage  of  thermal  updrafts,  or  simply  “thermals.”  Depending  on  the  weather 
eonditions,  thermals  ean  provide  signifieant  lift  to  the  aircraft.  Sailplanes  have  the  ability 
to  fly  for  hours  under  the  right  eonditions.  Like  other  sailplanes,  the  Radian  ean  be  lifted 
to  high  altitudes  while  riding  an  updraft.  After  the  lift  is  gone,  the  plane  ean  glide  for  a 
long  time,  with  the  hinged  propeller  folding  baek  to  reduee  drag. 

Though  we  attempted  several  flights,  the  first  two  were  eut  short  due  to  high 
winds.  Unfortunately,  at  this  loeation  there  are  typieally  afternoon  winds  that  eoineide 
with  daily  temperature  inereases,  whieh  is  also  the  best  time  to  fly  a  solar-powered  plane 
from  an  irradianee  standpoint.  Our  last  flight  attempt  without  solar  eells  was  on  August 
3.  The  plane  stayed  aloft  for  95  minutes  by  exploiting  thermals.  The  pilot  was  able  to 
find  significant  lift  for  several  minutes  at  a  time,  and  then  allow  the  plane  to  simply  glide 
for  5-10-minute  stretches  without  using  throttle. 

2.  Solar  Flight  Using  Thermal  Updrafts 

We  installed  our  solar  eells  and  related  eircuitry,  and  headed  back  to  the  airstrip 
on  August  7  for  the  first  solar  aided  flight  of  the  Thin-Film  Flyer.  However,  onee  again, 
our  testing  was  shortened  due  to  wind.  High  winds  not  only  make  it  increasingly  perilous 
to  keep  the  aireraft  flying,  but  they  also  prevent  the  use  of  thermals  for  extended  flight. 
Though  we  had  an  abbreviated  first  solar  flight,  it  still  showed  the  aircraft  was  still 
airworthy  and  flew  well  even  with  30%  greater  weight.  We  started  the  flight  well  before 
solar  max  at  10:02  a.  m.  Our  pilot  reported  that  there  were  no  thermals  and  he  had  to  use 
a  lot  more  throttle  due  to  the  wind.  As  the  wind  speed  inereased,  we  deeided  to  land  the 
plane  at  11:04  a.m.  After  a  flight  of  just  over  one  hour,  we  measured  the  voltage  in  the 
battery  at  1 1.42  V. 

Referring  baek  to  our  battery  diseharge  eharaeterization  in  Figure  91,  11.42  V 
corresponded  to  1 1  minutes  of  run-time.  This  was  just  less  than  27%  of  the  total  battery 
enduranee.  Carrying  this  proportional  eomparison  forward  to  our  flight  test,  if  the  same 


101 


flight  profile  were  eontinued  in  the  similar  eonditions,  and  1 1 .42  V  eorresponds  to  only 
27%  of  the  total  battery  life,  the  plane  eould  theoretieally  have  remained  aloft  for  a  total 
of  229  minutes. 

On  August  10,  we  flew  the  plane  again  with  solar  eells.  Onee  again,  we  started 
earlier  than  the  most  favorable  time  to  try  to  avoid  the  higher  winds  at  midday.  We 
launehed  the  plane  at  10:25  a.m.  in  moderate  winds  of  five  mph,  gusting  to  seven.  There 
was  very  little  lift  from  thermals  on  this  day  and,  after  one  hour,  the  wind  had 
strengthened  to  a  steady  8  mph,  gusting  to  10  mph.  This  eliminated  even  more  potential 
lift  and  required  our  pilot  to  use  more  throttle.  The  flight  was  eompleted  at  12:12  p.m.,  or 
1 07  minutes  after  launeh.  This  was  a  longer  flight  than  the  pre-solar  “thermalling”  flight, 
but  it  was  obvious  that  our  test  method  needed  to  be  revised.  Beeause  the  unpredietable 
wind  eonditions  made  sueh  an  impaet  on  the  thermal  updrafts,  and  therefore,  enduranee 
of  our  flights,  we  deeided  to  try  to  minimize  their  affeet  on  our  experimentation. 

3.  Benchmark  Constant-Throttle  Flights 

We  realized  that  by  trying  to  use  thermals  to  extend  our  flights  we  were 
introdueing  a  great  deal  more  variation.  It  would  have  taken  a  relatively  large  number  of 
flights  with  eaeh  eonfiguration  to  try  to  sift  out  the  proportion  of  extended  enduranee  was 
due  to  solar  eells.  One  a  good  day,  an  experieneed  pilot  ean  exploit  thermal  aetivity  to 
extend  a  sailplane’s  enduranee  to  several  hours. 

Besides  redueing  variation,  we  needed  to  ehange  our  flight  profile  to  make  it  more 
eonsistent  with  a  typieal  UAV  mission.  The  military  does  not  use  UAVs  like  sailplanes; 
flying  wherever  the  updrafts  are  best,  but  rather  they  have  a  partieular  loeation,  aetivity, 
or  vehiele  to  monitor  or  they  have  predetermined  surveillanee  flight  path.  Therefore,  we 
deeided  to  eonduet  our  flight  tests  as  we  had  done  our  beneh  and  rooftop  testing;  we 
would  set  the  throttle  to  a  eertain  level  for  eaeh  flight.  The  only  differenee  for  the  flight 
tests  would  be  the  initial  power  used.  At  launeh,  the  throttle  would  have  to  be  higher  to 
get  the  aireraft  to  a  safe  altitude,  approximately  200-400  ft  above  ground  level  (AGL). 
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At  this  point,  we  had  already  modified  our  plane,  so  to  produee  a  new  baseline  we 
attached  a  spare  set  of  wings  from  the  same  model,  again  courtesy  of  Don  Meeks.  We 
would  not  remove  the  additional  wiring  and  small  circuit  board  from  the  cockpit  of  the 
plane,  but  the  additional  weight  was  only  about  10  grams,  or  approximately  1-2%  of  the 
original  weight. 

We  did  not  have  onboard  telemetry  equipment  to  monitor  the  current  and  voltage 
during  our  testing  and  transmit  it  to  the  ground.  We  did  however  know  the  throttle 
position  at  which  we  had  done  all  static  testing  that  equated  to  an  initial  current  of 
approximately  1 .95  A.  So  once  the  plane  was  at  a  safe  altitude,  our  pilot  set  the  throttle 
to  one  notch  below  midpoint  and  flew  the  plane  back  and  forth  across  the  wind. 

On  August  12,  2009,  we  went  back  to  the  field  for  our  new  baseline  flights  and 
possible  additional  flights  with  the  solar  wings.  We  did  two  tests  using  the  method 
described  previously.  The  first  test,  using  Battery  2  (1.3  Ah)  lasted  33  minutes,  and  the 
second  test,  using  Battery  3  (1.35  Ah),  lasted  37  minutes.  While  we  waited  for  our  first 
battery  to  recharge  for  a  possible  solar-assisted  flight,  the  wind  picked  up  considerably. 
When  we  began  our  flights  the  wind  was  only  3-5  mph,  but  less  than  three  hours  later,  it 
had  strengthened  to  a  steady  10  mph,  with  gusts  reaching  14  mph,  which  precluded 
further  testing  that  day. 

4,  Solar  Constant-Throttle  Flight 

Our  next  available  flight  was  August  17.  We  mounted  the  solar  wings  on  the 
plane  and  launched  the  Thin-Film  Flyer  with  Battery  2  at  10:56  a.m.  The  wind  speed  was 
an  acceptable  4  mph.  Our  constant-throttle  solar-aided  flight  completed  at  12:29  p.m.,  93 
minutes  after  launch.  This  is  an  endurance  of  2.5  times  greater  than  the  pre-solar  flight. 

We  were  unable  to  conduct  additional  flights  on  this  day.  We  decided  that  this 
flight  and  the  thermalling  solar  flights  had  confirmed  the  airworthiness  of  the  aircraft. 
More  importantly,  these  flights  confirmed  the  validity  of  our  more  extensive  rooftop 
testing  in  projecting  the  improved  endurance  of  our  plane. 
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F. 


ENERGY  CALCULATIONS 


From  the  bench-discharge  test  pictured  in  Figure  91,  we  used  our  voltage  and 
current  measurements  to  find  the  power  at  one-minute  intervals.  As  shown  in  Figure  100 
we  used  a  Riemann  sum  to  approximate  the  integral  of  the  power  during  the  test.  This 
resulted  in  a  calculated  energy  of  13.7  watt-hours  (Wh),  or  49,320  J.  Our  battery  was 
rated  at  1.3  ampere-hours  (Ah)  at  a  nominal  11.1  V,  or  14.43  Wh. 
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Figure  100.  Battery  Discharge  (Power  vs.  Time) 


During  our  final  flight  test,  the  level-flight  power  was  approximately  20  W.  Since 
the  plane  flew  for  93  minutes,  or  1.55  hours,  the  total  energy  used  during  the  flight  was 

20W(1 .55  hours)  =  3 1  Wh  (6.2) 


Since  the  battery  can  provide  about  13.7  W-h,  the  remaining  17.3  W-h  was 
provided  by  the  solar  cells.  This  means  our  solar  cells  were  providing  approximately 


17.3Wh 

1.55h 


=  11.16  W 


(6.3) 


With  an  efficiency  of  1 1%,  rather  than  8%  efficient,  production  line  Global  Solar 
cells  will  produce  about  37.5%  greater  power  under  a  given  irradiance.  Using  our  final 

flight  test  as  an  example,  the  solar  cells  would  produce 
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11.16W(1.375)  =  15.35  W 


(6.4) 


The  aircraft  will  still  require  the  same  or  less  power,  about  20  W,  since  the  more 
efficient  cells  will  weigh  the  same  or  less  than  the  current  cells.  Therefore,  the  power 
required  from  the  battery  will  be  on  average  about 

20W-15.35W  =  4.65  W  (6.5) 

We  found  our  battery  could  provide  approximately  13.7  Wh,  so  by  extension,  we 
estimate  that  under  the  same  irradiance,  the  aircraft  would  fly  for 

13.7Wh 

- =  2.95  h  (177  minutes)  (6.6) 

4.65W 

This  would  be  1.9  times  better  than  the  current  configuration,  and  4.8  times  longer 
endurance  than  the  same  plane  before  the  addition  of  solar  cells. 

G.  RAVEN  COMPARISON 

To  extend  our  results  from  our  proof-of-concept  aircraft  to  the  RQ-11  Raven,  we 
first  note  that  the  Raven  is  significantly  heavier.  It  also  has  greater  in-flight  power 
consumption  due  to  its  payload.  Though  it  is  heavier,  it  also  has  a  much  larger  battery 
than  that  we  used  in  our  plane.  With  the  8%  cells  we  used,  crudely  attached,  and  without 
an  MPPT,  the  improvement  in  the  Raven’s  endurance  would  be  much  less  significant  that 
what  we  achieved.  However,  with  better  cells,  an  integrated  high-efficiency,  lightweight 
MPPT,  and  better  aerodynamics,  we  believe  that  Raven  could  achieve  a  proportionally 
equivalent  gain  in  endurance. 

Because  the  solar  cells  we  used  were  only  8%  efficient  and  had  heavy  lamination, 
they  only  had  a  power  density  of  75  W/kg.  Global  Solar  has  11%  efficient  production 
cells  that  have  a  power  density  nearly  350  W/kg  [66].  Using  these  cells  would  provide 
nearly  40%  more  power  for  a  given  irradiance  than  those  we  used,  and  they  are  much 
lighter.  The  net  effect  of  using  lighter,  more  efficient  cells  would  be  a  power  density 
nearly  five  times  greater.  This  means  the  UAV  would  have  greater  power,  with  much 
less  additional  weight  than  our  demonstrator  would. 
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Aside  from  better,  lighter  CIGS  solar  eells,  an  implementation  on  the  Raven  or 
other  UAV  would  also  inelude  an  MPPT.  As  previously  diseussed,  an  MPPT  ean  provide 
an  additional  30%  or  more  power  eompared  to  solar  installations  without  power  point 
traeking. 

H.  COST  ESTIMATE 

The  eost  of  the  RQ-1 1  Raven  is  approximately  $35,000  per  aireraft  [99].  Though 
we  were  not  able  to  purehase  a  larger  quantity  of  eells.  Global  Solar  quoted  a  priee  of 
$5,000  for  50  strings  of  eells,  with  eaeh  string  made  of  18  eells.  The  eells  are  eaeh  0.021 
m  ,  so  approximately  10  eells  eould  be  used  on  the  wings  of  a  Raven  (0.2m  ).  For  that 
order  size,  there  would  be  900  eells  total,  or  ideally  enough  for  90  RQ-1  Is,  at  a  per  unit 
eost  of  just  over  $55.  However,  Global  Solar  eells  ean  be  as  little  as  one  dollar  per  watt 
for  larger  purehases  [107],  and  a  eontraet  to  produee  enough  eells  for  eaeh  of  the  10,000 
Ravens  would  eertainly  bring  the  eost-per-watt  eloser  to  this  priee. 

At  $30  per  unit  for  CIGS  solar  eells,  $100  for  eaeh  MPPT,  $50  for  adhesive, 
wiring,  and  other  miseellaneous  items,  and  perhaps  $500  per  unit  for  re-engineering  and 
assembly  labor,  we  estimate  that  solar-modifieation  of  the  RQ-11  Raven  would  eost  less 
than  $1,000  per  unit. 

I,  CHAPTER  SUMMARY 

We  began  this  ehapter  by  deseribing  our  battery  eharaeterization  tests,  showing 
the  I-V  eurves  of  Lithium-polymer  batteries  during  eharge  and  diseharge.  We  reviewed 
our  eonstant-throttle  beneh-top  battery  tests,  whieh  showed  that  many  Li-po  batteries 
have  a  “break-in”  period  that  affeets  their  run  time.  Onee  we  established  our  baseline 
battery  enduranee,  we  eondueted  stationary  rooftop  tests  with  a  maximum  power  point 
traeker.  This  demonstrated  that  our  solar  eells  provided  signifieant  improvement,  but  less 
than  expeeted. 
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Next,  we  showed  that  by  removing  the  faulty  MPPT  our  rooftop  testing  produeed 
mueh  better  results.  With  the  defeetive  eireuit  removed,  the  plane’s  enduranee  inereased 
up  to  three  times  the  pre-solar  level.  We  also  deseribed  our  final  rooftop  test,  with  our 
eomponents  erudely  attaehed  to  the  plane. 

We  deseribed  our  series  of  experiments  that  eonsisted  of  two  distinetly  different 
flight  profiles.  The  first  test  flights  attempted  to  make  use  of  thermal  updrafts  to  take 
advantage  of  our  sailplane’s  design  for  extended  flights.  These  tests  revealed  that  this 
method  was  far  too  volatile  due  to  day-to-day  weather  ehanges  that  affeeted  performanee. 
Our  seeond  set  of  airfield  experiments  was  condueted  under  eonstant  throttle,  so  were 
more  eonsistent  with  real-world  UAV  missions.  These  experiments  showed  that  with  far 
from  ideal  materials  and  construetion,  a  battery-powered  plane’s  enduranee  inereased  2.5 
times. 

We  eoneluded  the  ehapter  showing  how  these  performanee  results  eould  be 
extended  to  the  Raven,  whieh  eould  be  modified  with  CIGS  eells  for  $1,000  per  plane. 
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VII.  CONCLUSIONS 


This  thesis  examined  the  history  of  solar  flight,  ineluding  reeent  advanees  that 
have  produeed  several  aireraft  eapable  of  multiday  flights.  It  examined  the  eurrent 
inventory  of  U.S.  unmanned  aerial  vehieles  to  determine  best  eandidate  for  solar 
modifleation.  It  ehose  the  RQ-I I  Raven  as  the  target  aireraft  due  to  the  large  number  in 
use  and  projeeted  future  employment. 

Next,  it  reviewed  the  fundamentals  of  photovoltaies  and  deseribed  the  advantages 
of  thin-film  solar  eells  for  aviation  applieations.  It  eompared  the  three  most  praetieal 
thin-film  eells:  amorphous  silieon,  eadmium  telluride,  and  copper  indium  gallium 
diselenide.  CIGS  cells  were  chosen  as  they  have  the  greatest  research  and  production¬ 
line  efficiency,  have  the  greatest  potential  for  future  improvement,  and  have  better 
specific  energy  density  than  any  other  type  of  cell,  thin-film  or  otherwise. 

Solar  cell  configuration  and  optimization  was  described,  including  the  importance 
of  using  a  circuit  to  track  the  maximum  power  point  for  greatest  efficiency.  Current  and 
near-term  battery  options  were  also  described.  Next  it  reviewed  the  aircraft  chosen  as  a 
proof-of-concept  aircraft  in  lieu  of  an  RQ-11,  and  detailed  the  system  design, 
construction,  and  testing  using  heavier  and  lower  efficiency  cells  than  would  be  used  in  a 
UAV  modification. 

Experiments  were  conducted  in  three  stages;  bench,  rooftop,  and  flight.  These 
tests  first  established  baseline  battery  endurance  under  constant  throttle.  Then  rooftop 
testing  showed  that  the  batteries  used  in  this  aircraft  could  be  recharged  between  flights 
in  as  little  as  two  hours  using  the  solar  cells  that  would  be  installed.  Next,  pre-installation 
tests  showed  that  with  8%  efficient  CIGS,  the  endurance  of  the  test  plane  could  be 
extended  up  to  three  times  its  pre-solar  baseline. 

Finally,  using  a  constant-throttle  flight  to  approximate  the  mission  profile  of  a 
UAV,  the  aircraft  flew  2.5  times  longer  with  solar  cells  than  without.  Table  11  gives  a 
summary  of  the  results  obtained. 
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Battery  Alone 

Battery  and  Solar  Cells 

Battery  Charging 

Requires  External  Power 

140.5  Minutes  average  time  to  charge. 
No  external  source  needed. 

Stationary  Plane 
Endurance  Test 

38.6  Minutes  average 

75.9  Minutes  average 

43.25  Minutes  best 

108  Minutes  best 

Level  Flying 

37  Minutes 

93  Minutes 

Calculated  Level  Flight 
with  11%  Efficient  CIGS 

37  Minutes 

1 77  Minutes 

Table  1 1 .  Summary  of  Testing  Results 


We  showed  that  our  plane  flew  for  37  minutes  on  battery  alone,  93  minutes  once 
8%  efficient  CIGS  cells  were  installed.  We  then  calculated  that  under  the  same 
irradiance,  the  plane  would  fly  177  minutes  with  available  11%  efficient  CIGS  cells. 
This  would  be  4.8  times  greater  endurance  for  a  UAV  than  on  battery  alone. 

Comparison  between  our  test  aircraft  and  the  RQ-11  revealed  that,  although  the 
Raven  is  much  heavier  and  has  greater  power  consumption  due  to  its  payload,  similar 
endurance  improvements  might  be  seen  using  better  11%  rather  than  8%  CIGS  cells, 
much  improved  construction,  and  a  maximum  power  point  tracking  circuit.  Lastly,  this 
thesis  estimated  the  cost  of  such  a  solar  modification  to  be  less  than  $1,000  per  aircraft, 
about  3%  of  the  initial  cost  of  a  single  Raven. 

A,  RESEARCH  CONTRIBUTIONS 

To  the  author’s  knowledge,  no  existing  military  UAVs  use  solar  cells,  and  no 
research  on  any  type  of  aircraft  has  examined  the  utility  of  CIGS  thin-film  cells.  Since 
CIGS  cells  have  greater  specific  energy  density  than  any  other  type  of  cell,  they  are  the 
best  choice  in  applications  where  weight  is  a  critical  factor. 

This  research  also  showed  the  additional  benefit  of  allowing  a  solar  UAV  to  self¬ 
charge  on  the  ground  between  flights.  When  not  needed  to  recharge  the  onboard  battery, 
the  wing-mounted  cells  can  connected  through  adapters  to  power  other  mobile  electronics 
in  the  field.  Additional  lightweight  CIGS  battery  chargers  could  be  added  to  a  UAVs  kit 
to  power  the  ground  station,  transmitter,  and  other  electronics. 
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B,  RECOMMENDATIONS 

There  are  many  ways  this  research  can  be  continued  and  improved.  In  order  to 
show  even  better  performance  with  this  specific  application,  the  aircraft  can  be  tested 
using  lighter,  more  efficient  Global  Solar,  or  possibly  CIGS  on  polyimide  from  Ascent 
Solar.  Any  further  testing  should  include  a  comparison  using  the  repaired  Genasun 
MPPT. 

An  overall  system  design  approach  such  as  that  presented  by  Dr.  Noth  could 
prove  incredibly  beneficial  in  the  design  or  modification  of  a  UAV  [5].  This  simulation 
program  takes  into  account  a  myriad  of  aerodynamic,  mechanical,  and  electrical 
parameters  to  forecast  the  endurance  of  a  solar  UAV. 

1.  Improved  MPPT 

A  significant  improvement  of  this  application  would  be  to  procure  or  design  an 
MPPT  more  suitable  for  use  in  UAVs.  As  previously  discussed,  this  circuit  would 
include  solar  cell  protection,  power  point  tracking,  charge  control,  and  lithium-polymer 
cell  balancing.  The  best  design  would  be  integral  to  the  existing  UAV  electronics,  or  be 
easily  integrated  without  significant  system  redesign.  A  system-on-a-chip  design  would 
provide  the  best  combination  of  features  necessary  as  it  would  be  lightweight,  low  power, 
and  much  smaller  than  current  designs. 

2,  Test  on  RQ-11  Raven 

An  RQ-11  Raven  should  be  obtained  in  order  to  fully  test  the  concept  of  this 
research  and  to  provide  a  realistic  design.  Without  the  complete  drawings,  specifications, 
and  performance  data  of  the  Raven,  it  is  impossible  to  accurately  forecast  the  true  impact 
of  solar  modification.  Knowing  the  physical  and  electrical  configuration  of  the  Raven 
will  permit  the  integration  of  an  existing  or  newly  designed  MPPT.  In  addition, 
application  of  thin-film  cells  to  other  surfaces  like  the  fuselage  and  stabilizers  could  be 
examined.  Furthermore,  a  multi-disciplinary  project  can  explore  the  possibility  of 
redesigning  optional  wings  for  the  RQ-11  to  provide  greater  surface  area  upon  which  to 
mount  solar  cells. 
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3,  Design  or  Modification  of  More  Suitable  UAV 

Another  intriguing  extension  of  this  research  would  be  to  find,  or  design  UAV 
with  larger  surface  area,  and  thus  better  optimized  for  solar  modification.  An  existing 
aircraft  that  might  suit  this  purpose  is  the  tandem  wing  DraganFly  Tango,  shown  in 
Figure  101. 


Figure  101.  DraganFly  Tango  Tandem-Wing  Commercial  UAV  (From  [108]). 

“Flying  wings”  or  “delta  wing”  designs  would  be  an  excellent  choice  for  solar 
integration,  since  the  aircraft  would  provide  a  very  large  proportion  of  surface  area  to 
weight.  Examples  are  the  current  AeroVironment  Wasp,  or  larger  battery-powered 
designs  like  the  Strix,  shown  in  Figure  102. 


Figure  102.  Strix  Flying  Wing  UAV  from  Selex  Galileo  (After  [109]). 
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4. 


CIGS  and  Lithium-Sulfur  Batteries 


As  discussed  in  Chapter  IV,  Lithium- Sulfur  batteries  have  a  mueh  higher  speeifie 
energy  than  Lithium-polymer.  When  used  in  an  RQ-1 1,  these  batteries  permitted  a  flight 
of  nearly  seven  hours.  If  these  batteries  were  used  in  eonjunetion  with  CIGS  solar  eells 
on  a  large-surfaee  area  UAV,  multiday  flights  would  be  possible  even  in  taetieal  UAVs. 
The  best  eonfiguration  would  minimize  support  materials  and  surfaees  by  ineorporating 
batteries  in  the  main  wing  and  fuselage  and  using  the  solar  eells  as  the  top  surfaee 
material,  rather  than  layering  them  upon  a  superstrueture. 
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